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ABSTRACT 


The S-d exchange interaction between the conduction 
electrons and the localized magnetic moments in dilute 
magnetic alloys was shown by Kondo to explain the resisti- 
vity minimum and its temperature dependence. The S-d 
exchange tunneling version of the Kondo scattering has 
been considered by Appelbaum and Zawadowski in order to 
explain the zero bias anomalies in the tunneling conduc- 
tance of metal-metal oxide-metal junctions doped with 
Macneclc aMpUrL ties. 

iets. Work, the tunneling technique has been Used 
LOeexplore some 2antrormation abour the Kondo problem. 

Tite. Ses Veen done pyr investi paving the conductance 
eharacteristics of AI-I-Al junctions doped with Fe and 
Ni ampuricies:. The depant was introduced in a form of 

an layer like soistribution in, tne Al eVectrode. The 
Pesulee sow thau, mou only the impurities au cue barrier 
inverrace Are effective in producing the conductance 
Ssnomely, but also those located within a certain wengrh 
iferage tie mevallac electrode. This efiective Tengtna 
@an be associated with the Kondo coherence length of the 
magnetic dopant in the non-magnetic host metal. The 
results are explained in terms of Mezei and Zawadowski 
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the wTirst oOpservats on concernime tne errecy. on (bie 
impurity-impurity interaction on the conductance anomaly 
was reported, cand «he wesul tesare compared with .Gupta 
and Upadahyaya predictions. 

Al-I-Ni (or Fe) junctions were prepared with the 
intent Hompo fiseeabservVinegwmiine tstructune) whiteltrcou la ve 
associated with the electron-magnon interactions sor .band 
SUrUC LUreme Bhecua sw Ino0weVer, norexperinental evadencel was 


found form isuch 4oredictedt strucvure:. 


ae 
6H Std 
7 ays ey skies : 


Te 
hh fared - 


Miao aieeen: fie “ot b pruro? | 


ACKNOWLEDGEMENTS 


I Wie arexpress my gratitude to Drs J.3. “Rogers; 
my reseanch supemvisors fomisuggesting the project’ and 
for his encouragement and guidance. 

Peon CCCp iy penantt li bOe tek. b>. WOOUS = Or tis 
COOperatonsOUurinewdii ferent. pnases of this  prejecu. 

iam grabetulape the technical starr, who supplied 
liquid hel tumgand Sliguidpaic.and zassisted in the cons— 
bruction of evaporators and cryostats. 

Il would Jike@stosthank Miss M.O. Flores for preof- 
reading the final emanusemipt iand Mrsy MarieeaYiu for her 
Dacience and, fine typing performance: 

Iwish to record my thanks for.the Department of 
Physics and the National Research Council of Canada for 
the financial assistance. 

I Dike teathankpaCaino University, -Eeypt, tor 
granting mé a study leave. 

Pina lly felebhiank ny awd euand smy son for thei 


understanding and patience during the past years. 


: UR ne: 95 CS 
2 on See eee eee ee 
] M, Tso. 1% bi 7-7 


vearinne ost tee Leadadoos eis oF cutseny me . 
-enoo Sdd.nt bedetées bos tia bivpht bas mubled biupit 
<8d8da0N79 brs Stotarogsvs to notsougs 
“loot 46) 2oTGl.0.M Balt Nnads of oott bivow I 
T8i T0T WEY yas .ctM bas Jatiozunam fant? sdt anibeet 
sohamiotisg aniqus enft bas asnettsq 
To tnemirsqod sis “01 2tnsid ym biosst of telw I 


mol #bsas0 Io (tonyeD Hoiseseh [emotes soit bas eoreydt 


.99aplelese [etoseaii edg 

40% .3qQVAT ¢yrtetevEnU Otte. aemie of extt I 
-aveel Youte s 3m sntinagy 

tisit 7Ot noe yt bie ottw ym anedst T .¢lLent@ 
.egBey, dasq sit gntaub soasiveq one gntbnsde-robau 


7 
: 
7 


Chapter 


TABLE OF CONTENTS 


INTRODUCTION 
Idee tlectpon Tunnedi ng 


li, ce Mopiaatitons of This: work 


THEORETICAL BACKGROUND 


eei, KoOndeg Problem and. Tunneling 


Anomalies 


2.2. The S-d Exchange Model of Zero 


Bias Anomaly 


(a) The Temperature and Energy 


Dependence 


(b) The Conductance Peak Anomaly 


inno Macneti ce rield 


2 oe SOL Ponts Coup Ane Limit 


2.4.-Interface Effect on the Conduc- 


tance Characteristics 


2.5 Gnveracting Marnetic Impurities 


2.6. The Normalized Electron Density 


of States 


e.i. tne Tunneling Conductance and the 
Renormalization Function 


2.8. The Anomalies and Kondo Coherence 


Length 


EXPERIMENTAL METHODS 
3.1. General Consideration 
S.eae wUnCuLon reparation 


3.3. Thickness Measurements 


Page 


2 


12 


18 
19 


aS 
25) 


26 


34 


a 


an» 
ue 
19 
su 


~oubrod ae BEY: 


cs setsiqvim! ottengaM gativsatetal .2.5 
yihens@ nottosla bestiamio! ail .3.5 
eetede ‘to 


ons bas 29. igs JB: 


Chapter Page 


ae 3.4. Production of Low Temperatures 56 
3.5. Conductance Measurements 58 
K, EXPERIMENTAL RESULTS AND DISCUSSIONS 60 
4.1. Small Conductance Peak 60 
(a) Temperature and Voltage 
Dependence 60 
(b) Magnetic Field Dependence 65 
(c) Concentration Dependence 68 


4,2. Tunneling Results with Interacting 
Magnetic Impurities (é 


4,3. Tunneling Results and Kondo 


Coherence Length 81 

You, Al-I-Fe or Ni Junetions 96 

4.5. Iron-Oxide Barriers 104 

Ba SUMMARY AND CONCLUSIONS Hicks 


REFERENCES ILS 


fff 


efi 


gittoatetor ithe 2: ‘Iusat ankionh 
pels bata, “ol tern: 


sacivonul ito Sa-T-5A. v2 
arsinted obfx0-nort .2. ft 


-€ 


Figure 


Buea stag) 


(b ) 


et aCe) 


(b) 


Ve) 


ae Cee 


(b ) 


G;) 
Ca) 


Dist OF WIGURES 


Page 


Schematic representing A-I-B tunnel ils: 
junction doped with a magnetic 
impurity. The localized state %g 
strongly overlap the wave function 
Oy 5 weak interaction with dp leads 
to exchange tunneling events. 

schéematicediarrams of@thevdifferent 20 
processes! thatecontribute’ to’ the 
theoretical conductance of the 
Appelbaum model. 

THe ~DROCeS Ss) Ofethiorenzaginvthes presence 
onraumarnetiieniieldne@attersshen and 
Rowell (1968). 

A tunnel barrier of height U doped with 24 
afsine le pimpurity sac Zo 

gb?) acme lfunculontote thetimpurivy 
POSki ons 

The }eoeffictent \of the Log laswatfunction 
OfVEheRIMNpDUrItytposltilon scarier 
Appelbaum and Brinkman (1970). 

gb?) versus bias voltage at 1.6°K. 27 

gb@) versus temperature at zero bias. 

q 63) versus bias voltage at eo Ke 


63) versus temperature at zero bias. 


Peery ove ots aatxev0 ae 

abest gb dite inabsoptecee! desw 
.Hineve gatfisanus ces oF 

8 ixensith te ‘Sits {or SmargbtD otipmedis® (a) SiS 

9x9 ot sdudininoo ssHht eszesnorg 


ed? to sonsépubnos Lanttevosdd 
.fobom musdlsaqa 
Spmsesiq sft ob 2i.S.xif io a&avetg sfiT (4) 
bas o9d% wsiis ,bfet? ot¢angem s to 
(800i) Lfowor 
bs. Atiw beqob U tgs on To 1sittsd fonnus A (8) £.9 
As 3s ydbvomt eladte s 
veicuamt of3 Yo notyonw? s es €S)5 (d) 
7 | -fottieog 
no feast e ab go sit Io gastoltison sdT (9) 
wave <noliteog ¥ytLumgmt siz to 
OOTCL), nemintes bas muedleqqa 
aes racy tn dane neta auersy ‘S)Q (6) Hs 


at Jota ncaa henna suatev a: 


Pieure Page 


ips Curves el li ils lVoandsVscorres— 
eont.d _h aii _y 
pone@etolWtsa0, oF0bhs 2onk0e gr—i0 
and 2 a1 6 he eV, respectively, after 
Gupta and Upadhyaya (1971). 
2.5 (a) A-I-B junction with magnetic impuri- 30 
tiestwithin the cohérencehtlengthresé: 
(b) The depression of the electron density 
of states within the coherence 
length, after Sdlyom and Zawadowski 
(1968). 


ae R(V)/R 22> 


versus reduced bias voltage 38 
VeGateolitersntarecducedepemperature tt. 
(bo) Z versus E (dashed line), and the 
effectaoreseli teonsistency on the 
energy at the minimum (solid line), 
after Sdélyom and Zawadowski (1968). 

EST. The relative change Ap/p in the elec- 43 
tronguensity offstates duemtos (aves 
single impurity, (b) an impurity 
layer esraeitunctionier r/Ey (taken 
from Mezei and Zawadowski (1971)). 

3.1 (a) Thevresistance’ as as function of the 48 
fidmethi chines siataditterentd subs — 
trate temperatures. 

(b) The temperature dependence of the cri- 


tical thickness t, (taken from Chopra 


Caekete iy (GMsKere ele 


SE syeelov eatd bosuben enerey ‘TNs SINCV)A (6) dS 
-} Siudstegmss besubsr tnsisttth ts ,V | 
6% bne (enti bsdesh) & evarev £ (4) 
sit no yonssetenos tis@ to sostts 
 (ontl biice) mominim sit 38 yyrsne 
C80QL) lewabswas bas moylse tits 
es ~oelo edd mk a\ob: suqsrit svidshet sat ¥.S - 
& (8) 69 eub esis3e to ydtedeb not 
tttauant np (Cd) ¢yttaqmt sfignte 
nedlss) pert To: motton? 2 26 soysl 
(CLTOLY -lehobawst bts LsseM mori 


Pigure Page 


S22 (a) The oscillation of "the single erystal: Shs) 
most of the mass displacement occurs 
ac the crystal surface. 

(b) The circuit diagram of the single 
erystal monitor used in the present 
work. 
(c) Single crystal holder; very light 

springs are used to provide eléc-— 
tricalrcontacts witha the crystals. 

S05 The cryostat arrangement for the OMe 
production of low temperatures. 

Mal The conductance versus voltage at 61 
80 K (dashed line) and 4.2 K 
(solid line) of an Al-I-Al junction 
doped with Ni impurities at the 
Darrler si nvertace. 

We AG versus V at different temperatures. 62 

W.3 The dependence of AG on bias voltage 64 
(open circles) and AG(V=0) on tem- 
peratures (solid points). 

44 AG versus V characteristics in the 67 
presence of a magnetic field H. 
Curves «db. °C, 0, souangdsl .corres— 
efengtol hove) isk =) Oly Cie sehen Bisus lene) veagiel 


66; T=1.7°K. 


as 


ers satan obser EEtdeo a eit oe Sut 


eniisoo jasmessiqelh 228m aad To Yeon a 


7 al a 
.SoLttue fadorto eft ¢s ' 7 
a 


efgnte scd3 do metysth tivorts sdT (¢d) aa ¥ 


taseetq os ni-heey.rotinom [sseyto ae 


<a t0W - 

jighl yrs :;teblod Lstayto elgnte (9) - 

_ 
«“9sfs siivora ot beau “18 sanktqe 7 a q 

> ; : . 
-aledeyao Sit dsiw etoavnoo Legint - SS 

Ye st3 16% -insmegnstis teteoyso SAT tut 
a a 
*eSetNIegsqnss wol to nolioubord a 
£3 3&8 saSslov euarsv sonstoubhoo SAT Lee : 


% S.4 bas (sati Bbofesb) 7-08 
motsonet La-I-fA as to (4nff Bitioa) 
ond ts, esttiausomt IM fitiw bagob 


-SubT etn astyted 


$a “SoTNTETS8qmSd inerstiib ts V avayev 9A se 
ig euatflov esid. no 4 to ssnebnegsb sit ee 


=ms}) no (OV) BA brs (esLorts nego) 


_ -+Catnteg bkfoe). ae saTsg 7 


“ya ede ot anttatrercerssio Vo suey. oA 
14 rr 
; : oa ner Cre gniils wen ieiseall 


neh a ee 


re ne ope 4 OS 


Figure Page 


4.5 G versus V for an Al-I-Al junctions 70 
doped approximately with (a) 1 A®°; 
(b Ween 89 Kc)oe WP -Taia) 6b ar wand 
(e))7 A° of Ni impurities at the 
barrier Wntertace: 

Meas Conductance versus voltage for Al-I-Al 74 
JUunetLonssdopedtwithaile dimpurihrieiss 
Doping is approximately (a) 0.5 ae: 

(b WHS Ar EP ICcN oat 58% Cr 

4.7 Superconducting energy: gapiresultsr for AM 
junevtionse Vabee ( beiand Cc) ) ofeitdige4 6, 

He G versus V characteristics for junction 78 
(a) of fig. 4.6 at different tempera- 
tures. 

4.9 Marnecticataeldmresulvs Dorm unctiLons 80 
(a SA bere reo, 6s 

4.10 Preliminary run on Al-I-Al junction 84 
Goped with Ni layer introduced at 
Care orcas we t(D as OF APZrenhe ve nES 
and (d) 150 A° from the barrier 


interface. 


mi OAC. ‘By Y (5) 
a Soe netred 
By. tat tA. ‘to% Saelay. Bue "eV Sotstoubno" 7 
seeks inugnh 4 detw, begab anoigonuyt, - 

PaaS &0 (8) vets tamtxosaae at gniqod 
A G.f (a) <a £ da) 


yy ‘Ol ediuaet aes Yeise8 ce ae y.e 
B.Uytt Go (9) bas (d) , (8) enottonut afm 
CY ‘aottonyy 102 esitelysisereic ¥ syensy D 6.0 


-sieqmed Jnétettto te 3. ~akt to (5) 


-eesus 

08 enolsony{, 103 etiuest Sistt otdemgaM . 2.4 
8.8 watt to (a) . (8) an 
bg motion, IA-I-EA Ao mux yuewtmtier? 06.8 - 


re Daswbonsat ‘evel 1M dtiw begob . : 
ok OF ae od re ee) 
aoe i a OF (bh) bas 
. veosttsant 


Figure 


4.12 


W138 


4.14 


Bea Ges) 


(b) 


Conductan ce-voltage characteris-— 


tics for Al-I-Al junctions, doped 
with ~5 A° of Ni layer at r = 11, 
21,5,°32)5 and 56.5 A, Curves a, 
bce andes srespeoul Vely.. Curve an, 


Samenas ec  WLGl NOmmpuro. es. 


The energy gaps of Al, (a) undoped 


junction, (b) 3 A° of Ni dopant 


Was’ Lavroduced at r = 50 No 


Curve (ec) of fic. 4.11 ae difrerent 


temperatures, and G(V=0) versus 


Lemperavure. 


ine venperavure dependencesor the 


Conductance reduction AG/G° for 
Al-I-Al junctions doped with 
qdifrerenc amouny Of Impuraties av 
(elit am SrOSs aie) Welalisiesyalees! aihatehiy wwle\o 


barrier-metal interface. 


Phe cConducvance o Versus svolvape™ Vy 


for Al-I-Al junctions with sn 
Darticles In che barrier, <r*> 
is the average radius of the Sn 


DaGwincaLe:. 


The temperature dependence of o(V=0), 


Zeller and Giaever (1969). 


Page 


85 


86 


88 


89 


oe 


; : . bsqoh ated hae BATE OA ot eots 
eff = 1 terrsyefith ‘to CA eo) Asiw’ 
B say . A @.0¢ Dae @. St .c.ts 
et evi . Yisyliosdesr 2 bib 5. .¢ 
Jestetuyqiton daiwa ea smea 

38 bbaobau (6) , fA to eqsa vattons eT . Sr. 


dusqobs iM to “x —& (a) .nblsornit. 


bh O02 =n" 38 Dbesupbotdnt zaw — 


at 4 
dtewithh ge .Df.! calito (>) evan es. 


oo 
> 


- a ~ 4 
2uevevy (0=V)0 Sra, estitcareqied 


. SIUSStSqns? 
e3 sft to sonshisdsh sausersqmed sil tree 
1o3 “p\hA Holtoubss SONsYoUbNOD — 
nviw bsqob senpottonof, [A-I=<FA 
te poettieuaml to Jnavuomse ¢tns7Tst2tb 


gf? mort zaouszeib gnaistith 


sS.0eDtsiInt fsatein—-nsirvsd ~* : 


‘ 
£e V eyatiov euetsy v sonstoubios SdT (es) ane : 


na Agiw enolsonyy, rAST-EA yor iy a 
<> <rebrisd sdf ob esiersasa - 
7 es ‘lo aaa spendin: oa 2 t 
is —_ jsteliiaq! Tf ay 

7 teen ile : 
Pecan “0. 


einer e 


alg 


The conductance-voltage characte- 
ristics for Al —-I-AL junevions 
doped approximately with (a) 
BuBIene DerGphete wes, Poceied, is7 A> 
Ca) 40), 5TAS faniart(etraita 6 pean 
TMipuUri by Wa yers facet = "50 iN 

fhe conducvance sveduchiton "ate Zero 
bias |AG/G°| as a function of r; 
Ni dopant is approximately 05 ee. 
O85 Woy, o 2 A°. The solid lines 
are “yal Resak AG soy ior She. 5° 

aG/dV versus V for an Al-I-Pb 


junction at 4.2°K. The peaks 


COrrespond, vo diftrereny excitations 


in whew Junct Lon. 

G-V characteristics for Al-I-Fe 
Wine cheeses 2 i 

(dG/dV) versus V at 4.2°K for an 
Al-I-Fe junction. 

G-V characteristics at 4.2°K for an 
Al1-I-Ni junction. 

(a4G/aV) versus V at 4.2°K for an 


Al-I-Ni junction. 


Page 


58 


94 


ehh 


99 


100 


O02 


OS 


ray. (os) @ En Ss ot ies 

£H 96’ x 0 (4) bas A v0 (b) 
7A Ne = x98 arsysl yo baugmt 

ae oigs 48 Nott ouber scnstotbhos edT yri.# 


it Te: notdornu? 2 ce | a oa asid: 

PA eh Ylszemtachngs el tesqob £M 

_ eanbL brie Sd? a SAS 30. AE © 7 

paptacl, s Orne t? 9 - S150 we 

ye d{-I[A a8 tot V evarsy Vb\Ob 61.8 
enssg ot? | .#°S, i Js mottonut 
ase eGeusans sHetsItIb of baagasttoo 
7 En LODE erg ot 

Ge sgsiere 10% gstbetretousadio y-0 ers 
A°S.0 te nottont 

OO ng aba HE, W ity Vi alee dey (Vb\ob) os .# 
noivonut, st—I-LA 


Sor me cot 4°S. 4 48 eokdebast¢osterio V-0 . [S.0 
.nottonst IM-I-IA 
. ¥ 7 7 : ; 
iv €0L as 103 4°S. 38 Voebeney (VB\Ob) ' $s.P 
j =) : Ss = _ 


mokesaut £v-1-0A 
ie, 


ee 


Figure Page 


Uae The dynamical resistance R versus 105 
V at different temperature for 
an Fe-Fe .0)-Al junction (the 
Cunne Ll barrier was formedvin 
air at 100°C for about 10 minutes). 

4.24 R versus V at different temperatures 106 
and R(V=0) versus T for Fe 0) 
parrver= TOormedsemn ar Slow discharge 
of oxygen. 

4.25 The normalized conductance o,, 108 
Versus» VOlLUVaLerlor Fe-Fe20-)-Pb 
Hunecions Gsolld “ines )and=iror 


A1-A1,0,-Pb Junetion Ceillrcles): 


a off)” iohtorut, (4-\0s5d-sT ns. 
sab bemio’ Sak setrsad: festive 
> ingeaindahe bul, sa0us /as3. 9°00 20-1 
dor aoaudateqme: trsxsttip 76 V euetsv Fi id 
p%—7 tot T alensy (0S0)H bas 
Sgtstosth wats s at bamrot sabirsd : 
. f9ayreo To 


8oL D Sonbsoubnes dbeallemonm ont es.8 


nf 


I~ )-0-9%-54 Nol Susilov eleiTdsyv 
mot bie (eenif Btioe) eaottonuy, yh - 


—(eelorto) noltonut di- Oc LA=TA 


CHAPTER 1 


INTRODUCTION 


Le CUR. Lilome Ia nie: 


iInvielassica ls physics, +. al particles whose® energy is 
lessithan thevheteht? of a. potential: barrier can never 
pass through, because the particle cannot be found in 
awspacer regi onkwheres itiss kinetictenersy istnerativies 
On thesbasis of quantum mechanics, the particle’ beha- 
Vtourad saideseriibeduumnitas. probabil ist ley sense. 4 Once’ Bt 
oe PepreSent ede ibywarwavelunetion, het particle:hasza 
NOonZzero probapilaivys of penevrating! throughtarclassically 
Porbilddermresiion.8 Thastitunne linge! process ls! one? ofairne 
Simplest examples. of a truly quantum mechanical pheno- 
menon.e Ghelfirste application ontunnelings wasamadeuby 
Oppenheimer (1928), in order to describe the autoioni- 
ZacviLonwofuthevexcitedsStatesiofsatomic hydrogen ina 
Sirongaelectricl faedare Mheseimect® ot theater ce iisgsco 
distort’ thenCoulomb potiential walls, iso that’ ani electron 
would seel avfinites barrier throughiwhich it could 
tunnel. In fact Oppenheimer devised a simple time 
dependent formalism, which in due time became the basis 
of the transfer Hamiltonian method, Duke (1969). The 


next and almost immediate application was the analysis 
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of a-decay from heavy nuclei. The electron emission 
observed by Lilienfeld (1922) was explained by Fowler 
and Nordheim (1928). 

The? possibility that a tunnel current may flow 
between metals separated by an insulating layer was 
first considered by Frenkel (1930), nevertheless, the 
fLelanerm vunne lings owes avs Ipresent lively tsitaveto. phe 
discovery of the p-n diode by Esaki (1957), and tunnel- 
ing through oxide layers by Fisher and Giaever (1961). 
The immediate effect of Giaever's work on the experi- 
mental aspect of tunneling was the stimulation of a 
Sequence "or measurements "ons both superconducting varid 
normal metal-insulator-normal metal junctions. The 
early ‘experiments led’ Gomther conthirmation “of tne? Bardeen— 
Cooper-Schrieffer-gap (1957), and square-root singularity 
in therelectronic density of states of the weak coupling 
Superconductors.) the ™fascinataon ‘of the Josephsomterfect, 
and the measurement of the details of electron-phonon 
interaction. A second consequence of Giaever's work was 
the development of a tunneling theory based on the trans- 
her Hamil tonran model which accounted? fom the many—vpody 
properties of the electrodes, Bardeen (1961). The 
extension of the model to look after the many-body 
effecvs’ inthe joarrier and normal, electrodes Tterstill 


in progress, Appelbaum and Brinkman (1969). 


: eatt-aan Svinte taid’ epi od? 


bios ach SATE ya beteasgee elatsm’ Aeewaed 


Hever obOeer) Lodded? yd beteblenoo tert? 
sid ot soene wisieLt. ¢xeeetq ett sewo galLenavs to bkett 


-beanu? brs <(V@er) Fibed yd sbolh n=qradd Yo vasvosers 


.(2ORL) sevesr0+ bas redelt yd axeysl ebixo dguomis ut 
_wbifegxS edd mo oivow alasvesld To tyetts e¢stbommt off 

8 ia irateeninien-erts 26H yutionnud to toeqes Lacnom 

bas antioubnoarequva ddod no ednemsivesem to soteupee 

ott Tete att Esyen fanaon-tOlsiueni-Isdeom Lemion 
-nesbtsé ee to" my he 5/3 of 5Sl avnemtteqxs vires 
ytbnivante Joor~onaype ons e(VERL)) qsy-tettelin ve-reqeod 
‘gndfquooJsdw’ sly 20 eddy 10 yeteoed otnowiwele edd me 
IjsTis idadgabut- sig. te néfvanloact ery ,srotoybnosisqua 
nonodqenorss sheets atiaveb ads) to iasmswesem odd brs 

ecw arow at taeyeend to icy ages Steos2 A .molvosredat 
sefaig orld aro beau wieeas aiitbonnus 6 to tnemqofeveb sit 
ybod-Yusm and: Fot Rasen dia hele <febom mstnod! met 20% 


eT ace Adobed foals sis to sattreqonq 


ybodayriant: Sat nase Hoot 0% Lebom odd Yo solenetxs 
‘Lihte eb asbowpsete: Lem 
(@8@t) nin 


Neon Bie astinnad eed ath avostie 


The main objective of the present investigation 
is the tunneling between two normal metal electrodes 
separated by a thin (~20 ht) insulating oerrier. "The 
Siivvec. 2c).0f one Slecrronecurrent 2netne junction 1s 
a manifestation of the weak coupling between the two 
elecurooues,. This’ coupling depends onthe nature: of the 
WAVETUNGe LOM Une. DACE Ler ren On. slur dardLiTcecuunr , 
Howe Ver. COsCreate une WaVveLunCcuLOn am one barrier 
PRODeGIA YY... because even weak interact ons in they pul 
have a nonperturbative effect on the electron wavefunc- 
tion. We will first consider the interaction between 
the conduction electrons and the magnetic impurities, 
WOLCh dnvroduces a rapid conductance ‘change at the zero 
bias voltage, commonly called zero bias anomalies; and 
second, interactions which introduce condugetance changes 
av Mechere bias Volvaces. 

Essentially, there are two kinds’ of zero.bias 
anomalles in the dynamical conductance characteristics 
of a metal-metal oxide-metal junction. The first one 
which was discovered by Wyatt (1964) on Ta-I-Al junction, 
Gonsisved of a conductance peak at zero Dias nov greater 
than 10 % and typically of a few m.V. wide. It was 
analyzed ian terms of a Logarithmic ‘singularity inthe 
electron density of states, of Ta, around the Fermi 


energy. The second anomaly was discovered by Rowell and 
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Shen (1966), and it revealed a broad minimum in the 
Conductance at Zero voltage, having a width of the 
order orm MUO meV. [ne conductance reduction at “zero 
Diagseis avour T0082. (his. anomaly is known as “avelant 
resistance anomaly". 

Following Anderson's (1966) suggestion that the 
Conductance peak anomaly is due to Ampurity staves an 
the barrier, Appelbaum (1966) considered a model based 
One ene Kondo Unteraculon between the conduction elec— 
trons “and macneticeimpuricy spins. The theory predicts 
the Zeeman splitting of the conductance peak in a mag- 
Neti Cumrel Ow elie sZeeman splitting was Observed by Shen 
and Rowell (1968). However both types of zero bias 
anomaiebes Caneoe produced sby doping che Jjuncclon wich 
the wsamer magnetic dopant by sony changing its amount. 
This strengthened the idea that the giant anomaly also 
has a magnetic origin. Sédélyom and Zawadowski (1968) 
inereducedsa Cneory bascdeon the intluence of the 
elecrron Mmmpuri vy Spinenveractions on the electron 
dispersion relation, and hence, the tunneling conduc— 
tance. They =predict. a large conductance, reduction which 
Varnes Withythe position ofathne impurityein the metallic 
etecuroGge. A Kondo coherence leneth whiten conid be 
determined from electron tunneling measurements, has 


been introduced by Mezei and Zawadowski (1971). The 
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Git erent Models Olt ule Zero biae anomalies are congi— 
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DpUrUCtUres av bieher bias volveare due Yo the 
Inverac. Lorn Ol whe tunneling electron win different 
excitations in the barrier and the electrodes had been 
observed in different tunnel junetions, Duke (1969). 
Jacklevie and Lambe (1966) interpreted their measure- 
Nene Ol Geo Cis concinu iy wes: im CAS conducvance Ge caused 
DY MNO KCL hon Of VEbromie States of edsorbed water 
molecules in the Vunetion. Atv Lower voltages, Rowell] 
ee ol (1960) and Adler (1969), observed the excitations 
Ot bDeAwLons One che Oside  peelt >. wine Could be resarded 
as Oxide photons or vibrations of the oxide molecules. 
theyea leo HOvSserved (ine Chearacverdstie phonen energies 
For, tne bulicenormad Pb between 5 and’ 9 m.V. Whe erfect 
Of the Glectron—-mMmasgnon Aanveractiaon on ehe tunnelains 
Characteristics was investipatred by Wopelbaum and Brimk— 
man (1969). Tie poses Laity Ol Mmacrorn 2X. vam Bh ole 
bur iore wis Giscussed by Wuke- eG fl (LOGO). a ue aS 
in ee has been observed by Adler and Chen (1971), 
ane ween Lod by Tsu ef a (1O71). wWyane (i070) sre— 
dreved@Ghiot the spin band. Striuie Gures Or “Nas veneouid oS 
retleeted in the zero Dias conductance’ peak anomaly an 
the presence of a mapnetic field. A beautiful tunneling 
Fechmique as a new method for Investigating spin) depen— 


deni SGatLes- in marnevile materials was: ditroduced by 
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Tedrow et al (1971). Therefore, a common trend of most 
of the recent work, is towards the development of 
tunneling» as a spectroscopic tool for probing the 


elementary and collective excitation spectra of solids. 


ee Motivation or this “work 


With the knowledge that the zero bias anomalies 
are due to the interaction between the conduction 
electrons and non-interacting magnetic impurities at 
the barrier=j{meval anterface of a tunnel junction; the 
questions arising are: 

a) What is the effect of the interaction between the 
magnetic impurities on the conductance anomalies? 

2) Wheat, 1seunexeriect, of “armagnetic fimpurivy layer 
iis demune Mepallic. Clecurode -on tme conducvance, charac— 
Wie waQuUsh eevee 

Tow snead some JA ghton these questions. we prepared 
Al-I-Al junctions doped with Ni and Fe impurity layers 
aumune parrier interface and inside the Al counter 
electrodes. The tunneling conductance anomalies of 
these’ junctions can provide information about une 
dependence of the electron density of states, of the 
doped electrode, on the position measured from the 
Magnetic impurivy Layer and the erfect. of inveracving 


magnetic impurities on the conductance anomalies. 
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Al-I-(Ni or Fe) junctions were prepared with the 
Invention of Observing fine structure whieh couldipe 
associated with the’ magnon characteristic frequencies, 
and band structure effects on the tunneling conductance 
behaviour’. 

The, experimentaimmethodssusedeinathistwoerktare 
introduced in Chapter 3. In Chapter 4, the experi- 
mental resultseare discusscdminttertseotithe exrsving 


LAeernies ;,andsthe iconciustontis acontvainedhincChapter 5. 


CHAPTER 2 


THEORETICAL BACKGROUND 


2.1 Kondo problem and tunneling anomalies 


Rea so DCeMeCOnmiPMed experimentally thav, there 
is a one to one correspondence between the existence 
Ohetie*resisitivity minimum and the tocalized magnetic 
moments in the dilute magnetic alloys... The, correla— 
tion between the localized spins does not have an 
important role inthe appearance of this phenomenon, 
Dito Seo ore al ly eOr saOdine eCOnvribULLON £rom each spin 
This led Kondo (1964) to assume that the resistance 
MmEeniImMUumM LS3eaidireco consequence vol ethne Sintveraction 
between the spins of the localized and conduction 
electrons. Whe S-d model, which is due to Zener (1951), 
Keasuvyanclo50).. and Yosida, (195/)), for sa sysvem of 
bocalized spins and conduction’ electrons was proposed 
CLoOndeseripe the \phenomend y.aNo hassumptionseconcéerning 
Che thbandMstrucGuresoreoneicrystap symmerricevel tine host 
MGCais , gnoenr theteharacrer ist teostot G@therdetéevels suen as 
LisplocautionGre lavivestio Vine termi Sstrteacetormtkeaniumber 
Of the d-electrons, has been introduced. 


The perturbing Hamiltonian H' is given by 


H!' = = 238.6 : (25) 
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(h5): : 


where. Jd is»thesexchange coupling, energy,» and 8 and o 
represent the spin.of the localized magnetic moment 
and the; conduction. electron:,.respectively. 

Dise transi eeoneprobability per unitlcime from the 
Initjalwstate,a to,uhe~tinal state bis. given to the 
second. Born approximation, by 


W(a-b) = aH! i GH 


! t ! 
HoH AOC) Aen en) 
abr ba aa ey ie 


ac.cb' ba 

a0 (cacy) (252) 
Assuming all the possible ways by which an electron 
k+ scatiiencd: off the smpurniiy: to ia rene Ke » the tran- 
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oe tseumie Herm diecrltbupilon function forither electron 
with energy eq Nijis the total number of atoms in the 
Grvepal andeG ti sacnesconcentration off the inpuri cy 
acoms.s 1.2@6e,) is.the, function, which, describes the ,log 


T dependence of the resistivity in the dilute magnetic 
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alloys’, provided that'd < Tul g(e) is also the same 
function which describes the log T dependence of the 
zero bias tunneling conductance anomaly. 

ine perturba com vechna que: Tsenom Valac 2nrone 
case of strong coupling or at low temperatures. 
Theoretical arguments, by Nagoaka (1965), show that 
a new physical state should be formed below a tempera- 


ture T, , the Kondo temperature, between the conduction- 


k 
Sveccron soln and cnicewocaliZed@ spin. her situation 

seems Vo bDe@QuLve similar vo tne Case=ol superconducvi— 
Vity, in which the perturbation treatment breakss down 
av the transition temperature Te Associated with Ty, 
ier oecharacueCri strc energy A. around the vermi suriace:, 
over Which the conduction electron spins’ are polarized 


by the impurity. The relation between A(T = O°K) and ae 


was found to be 


ie ee Ay : (2.4) 


Coles (1964) observed a new type of temperature 
Poeslevlvevy anomaly an alloys ol Ra and Fre. Insvead 
Cie navimne a tinimum, cne resistrvicy decreases more 
rapidly towards Low temperatures,” This phenomena could 


bewexplatned it terms Of KONOoO theory 11) 0 ts poscivive. 
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A, » like the superconducting energy gap, could be 
expressed in terms of a cut off energy D (of the order 
of the conduction electron band width), and the density 
of the conduction electrons p,.as..well.as the strength 


Ope rie exchanges i nievactlonsd.a1.c. 


pine 8 eN/| Jl / (2.5) 
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given by 
V 
ela = el 
an Phyias (e,/A) Ke 10m « ; (276) 
where v and kunmare thetvelocioy set helenereynand 


ieee F 
the wave vector at the Fermi surface. Equations (2.4), 
(2.5) and (2.6) reveal the similarity between the 
Superconductbingestate andtthercorrelated’statenbetween 
the conduction-electron spin and the localized spin 
below Te The quasi-bound state however appears gra=- 
dually rather than suddenly at Ty 
Magneticostatesalocalized néar thesintentaceeor 


a tunnel junction may have an exchange coupling to the 


eonduction electron in the electrode comparable in 
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magnitude to the coupling present in a dilute magnetic 
alloys. Appelbaum (1966), and Anderson (1966), have 
shown that Kondo scattering attenuated by the barrier 
transmitsawon iactenwcan tiransi-er fe lectronsiiactross the 
pearrientiam assisted tunneling proecesswhiichrcontributes 
to the measurable current j. On the other hand Sélyom 
and Zawadowski (1968) and Mezei and Zawadowski (1971), 
using different approaches found that the Kondo cohe- 
rence length vis reflected in the tunneling characteris— 
ties of junctions doped with magnetic impurities. The 
dafferent. approaches to the theory of zero bias anomalies 


Wi levesaLectissed an the following sections. 


e.c the S-d Exchange Model of zero Bias, Anomaly 


(a) The Wemperature and Energy Dependence 


Consider a tunnel junction A-I-B, with magnetic 
impurities located close to electrode A. These impu- 
rities could be represented by non-interacting localized 
states with the bulk of their amplitudes in the barrier 
wnere the Coulomb self interaction cannotsbe screened 
off by the metallic electrons. A schematic diagram of 
the system is shown in fig. (2.1). As noted by Anderson 
(1966), the localized states oq act as a bridge between 


the exponentially tailing wavefunctions oe and %b or 
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Fig. 2.1 


schematic representing A-I-B tunnel junction 
doped with a magnetic impurity. | The localized states 
3 strongly overlaps the wave function an 7 weak 


LAceracoLon With bp beads tonex¢cnange tunneling events. 
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the. conduction electrons of the opposite sides of the 
junction, thus effectively decreasing the size of the 
barriem [orm those electrons which tunnel across the 
barr ea iby means of. the localized states.._As, the 
coupling between the electrodes varies exponentially 
with the barrier thickness, a decrease of jtne 
effective thickness by a few angstromscan make the 
tunneling assisted by the impurities larger than 
uunneling due to direct overlap ofsthe conduction 
electron states between sides A and B, even if the 
Impurity coneentration is dow. 

The Kondo exchange interaction (equation 2.1) 


can be written as: 


i it Pie 
H =-J } [S(atap,, - ap _ar_) +S (ap_ari,) 
> >, 
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alae eae a Be 
k+°k'- 


where (ak, ar) and (bs » be) are the creation and anni- 
hilation operators. for an, electron of wave. vector k, 
in metals A and B respectively, and ee are the raising 
and lowering operators for the z=-projection of the 
localized spin.operator 5. Ho describes; an electron 


in mevral A, which cansbe scattered off thes imounivy 


and stays in metal A. An electron in metal A(B) 
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scattered of f the impurity to metal BA)’ and- attenuated 


by the barrier, can be described by an exchange tunnel-— 
ih MW 
J. HJ 


ing interaction H could be obtained from equa- 


tion (2.7) by replacing af by a to get one term and 
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Here Ts; US smaiter Una o .DY 2a Ltacvor OL ule order or 
Une Darrier auvenuatton ext y woere= vy Is Une decay 
constant and t the barrier thickness. The tunneling 


Hamiltonian ts: 


+e ee : (9) 


@ is the elastic and inelastic part in which 


where H 
no spin exchange takes place. 
The tunneling current j(eV) for a single impurity 


is calculated from the following expression 
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where Way is given by equation (2.2), and Py is the 
probability of a) localized spin-vrojection MM. follow— 
ing analysis similar to that of Kondo (1964), Appelbaum 
(S67) "found that 
(20) = 2 Cine 

Wig T 5 F we « Ty; J : 
and additional nonexchange terms «(T+T,)°. TheetT irs v 
two terms correspond respectively to’ spin-flip, and 
anomalous’ third order Kondo scattering. across the 
barrier. The tunneling conductance in zero magnetic 


(teid Cor’C impurities is ‘elven by 


a(t,v) = a?) + gf3) 
where 
q(2) . de® cre + c{orT. + T¢ + 8(S41)T*}) (2.10) 
atone Pals a 2) J : : 


The third order term which determines the conductance 
peak for antiferromagnetic interaction (J <0) between 
the localized spins and the conduction electrons is 


given by 
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a{3) = -16ne*S(S#1)/h pypp CIT? F(eV) , 


F(w) = + | gle) on (e-w) de : (ee et 2) 
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The function. g(e) 1s defined by equations (2.3) above. 
The function F(eV) can be numerically evaluated, however 


it was approximated by 


|eV| + NK pT 
eee NERS 


F(eV) = - p, in | 5 
O 

BG iS arcut | off energy, which has been introduced 
because the parameters op, Ts and J are assumed independent 
Ofpenercy. Glhe constantan is-tound to be 2.35. ~The 
function F(eV), and hence the conductance peak, increases 
logarithmically with decreasing bias voltage at zero tem- 
perature, and with decreasing temperature at zero bias 
voltage. At V= net » the conductance saturates as eV 
Gecreases. 

The following assumptions have been introduced in 
the above calculations. 
il) The density of states p(e) is constant, removed 
from the integrals within which it appears, and replaced 
by their values at the Fermi energy En > p(e,). Thais 
has been justified by the fact that only electrons 


Within Lew Mellivoltc so. En on either side of the 
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Junction take part in the tunneling for bias voltages 
OMe teres: 

2) The contributdon,to the current from each loca- 
ics eee Ce Sead tives eli ess voli it sone can 
neglect the spin-spin interaction among the localized 
spins. Appelbaum argued that the presence of a short 


mean Drec path at. the, barrien interface shouid have 


the effect of weakening the long range spin-spin inter- 


action, therefore making the independent impurity 


18 


2oPuMptLOMmM Velid ablevensrelavively Nnigher concentration. 


these assumptions: will be, questioned in later discussion. 


(b) The Conductance Peak Anomaly in a Magnetic Field 


The ne term in qe) 


magnetic field. If theytunneling electron of energy 


is strongly affected by a 


eV about the Fermi level flips the spin of the impurity, 


it must exchange Zeeman energy Zz = EU gH necessary to 
leave the impunity in an excited state. Now: for eV < =z 
hg te MUN om 6 ia ee SO) ey eietds Lyne TUnnelangaelecorons 
Spiteri msl Dice ues VO Demme xXDPeCOLeEd) Ollscenere a physata. 
grounds; for with the spins in their ground state 

(= + o) an electron at energy eV on side A would have 
to tunnel into an energy state (eV-2Z)} on side B if it 


underwent a’spin flip. This process is forbidden by 
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argument is not restricted to second order processes 

and 1s true to all ordéras-in-H'. However as discussed 

by Appelbaum and Kondo only S/S(S+1) of the electrons 

Spinec lip ithetremnaindertexchangce spin “wetn vhe-1mpurity 
in aSvartualvintermedi ave "state ™with™zero net change of 
the spimeoneuiewerectron as Tt tunnels) from-metal A to 
metal B. Shen and Rowell (1968) had presented a sim- 
pliftedspieture softthe Appelobaum*moedel at -T¥="0, in the 
evcence and presence Of a magnelic [leld as, cleariy 
illustrated in figs. (2.2a,b). A more complete expression 
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Theretore: G is volvuage and temperature dependent, in 
tae rpresence Of a magnetic field, and constant in “vero 
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The previous theory does not explain the giant 
resistance peak anomaly observed in Cr junctions by 


Rowell and Shen (1966). It became essential to resort 
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(a) Schematic diagrams of the different processes that 
ContrVoute Go vhe= theoretical conduceance of the 
Appelbaum model. 

(b) The process of Fig. 2.2a in the presence of a mag- 


netic field, after Shen and Rowell (1968). 
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to more powerful methods to account for the strong 
GOupling eresimeswnilch o¢eurs in a tunnels junction with 

a large exchange coupling energy J, and consequently high 
Kondo Temperature. Assuming one single impurity;)| the 


Hamiltonian of the system 


Bee ete eet H. Ta ; Cass 


has the following meaning: 
Hy Sy one ener ey sO1mmie. Meta 1c, electrons. 
Ho Gepresenussule Usual tunneling through ube barrier 
WauehOuUte Spr tilpemandsess proportioned to WT. 
H, corresponds to impurity-assisted nonmagnetic tunneling 
onGe Lea proporte ondad aio To: 
He describes the tunneling with spin flip (non local part 
of the exchange interaction) and is proportional to Ts: 
Hy, desCrilestinemescamvering off the impurity of an elec— 
UroMei ne Unewelecurode backsvo Uneselectrodemand sas 
DroporuLonal to J. 

ine someon When proceeds through the lecadtized 
Bvaves ws cabeulared, oye negvecuunge H, > and by assuming 
H, a Ay to pe a small (perturbation,  Usingeavselil con-— 
Sieveny solutdon of the Kondo ettecsu, given by  Nazaoka 
(1965) and a generalization of a-method employed for 
superconducting tunneling by Ambergaokar and Baratoff 


(1663)— BWopelbaum et al (1967) found that in the weak 
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The relative, importance of the varlous terms which 
contribute to the current depend on the relative size 


Clea andi ds sparameters which are, dltfricult ‘to 
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determine. In tunnel junctions where Ts Terms are 


important, the conductance peak varies initially as 


D ; S.C. 
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the giant resistance anomaly could be explained when the 
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2.4 Interface Effect on the Conductance Characteristics: 


Appelbaum and Brinkman (1970), assuming a single 
impurity near a sharp métal—barrier interface, studied 
the effect of the interaction between spins of the 
hocalized and conduction electrons on the tunneling 
Conductance «characveri sul cs as” a fUnectlonvorm thes im=— 
DUritbye pesto lon.. ‘The (turnels junction shown inert ec. sa) 
has been decomposed into the left and right hand side 
Vroblems. SArivexpressiom for ther currenvssamilar- ve swhat 
of Zawadowski (1967) has been derived by Appelbaum and 
Brinkman (1969); however, the approximation procedure 
Leeditrerent and Leads tosqualitvavivesy di rerent resulus. 
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(a) A tunnel barrier of height U doped with a single 
impuraty at Zo: 

Lig, ql?) asia funetion of the Ampurivy position. 

Ce) The coefficient-ofathesiloo=ac—aefuncetion of the 
impurity position, after Appelbaum and Brinkman 


SOO 


24 


qo} Uae iat im biomed £ corte: 
| _ ee de gut 
a yd sopsonen a 
ed? Yo wottoaut & es sof odd Yo inorsEiisos itr 't i 7 
seniteia wis seein node netateog yataigmt ~ 
coreey a 


= 


© 
O 
ai 
ue 
O 
ue 
UL 
uw 
Oo 
U 


0 0 
=Q14 -0.04 
-0.8 -0.08 

-10 = 0 5 


2(2mU)!/2 (Z29+b) 


a0 


conductance change, AG which comes from gf) and q 63) 
terms. Jc sensitive To the positionsor the. impurity, 
VeleUi ve CO uie Inwertace. one qf?) term is an oscil- 
aC Lie UO On OfeDO Si tel On gon sw hems oo lomo © 1/K » » when 
PHhemimpurivuy exiscus itches electrode: and, Ofeoncsss on 
Miele: WG. seep ali igor deknehenmonay Nai wel areal elaine eiileea (Ln siete 

rie Utd worden Term q3? Woiieheaccounlsed onthe 
zero bias conductance anomaly has the oscillating beha- 
Wiles SOW see ll. 5 Cun 

Await iterentavMeory wiich ret lectcethe ehnange in 
Che VwCOndUuUcCtTancemas a LUNCLIOn. oO Ampurivy DoOSsitLon, has 
been introduced by Mezei and Zawadowski (1971), and will 


be discussed later. 


Zao intveracuine Magnetic Impurities 


Gupta and Upadhyaya (1971) introduced a theoreti- 
Cals suudyeotlastunnelsjunctLon contalningwinveracting 
paramagnetic impurities..-The current was calculated 
for one pain oft impuritics coupled Dysaneinvenactiion WwW. 
The density of pairs was assumed to be low enough such 
that the correlation between them could be neglected. 
The interaction W may be due to Ruderman-Kittel-Kasuya- 
Yosida (RKKY) interaction between the impurities via 
the conduction electrons, direct interaction, .or-in- 


direct exchange interaction. Following the tunneling 
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Hamiltonian approach by Cohen et al (1962), they found 
Uhat the second order contribution, gS?) | has a tempera- 
GUPCyanG Dias dependence in gero magnetic field. In 

the case of an antiferromagnetic interaction, the maxima 
on gf3) occur at slightly different biasing voltages and 
temperatures when compared to the case of non-interacting 
impurities wverThe resulvsitof-theitrecalculations is shown 


initia. G2. 4). 


2.6 The Normalized Electron Density of States 


The main argument against the existence of a new 
assisted tunneling process, as pointed out by Mezel and 
Zawadowski (1971), could be the local behaviour of the 
exchange interaction in space in which case there is 
nownew channels for tunneling. This corresponds To 
retaining in the tunneling Hamiltonian, equa- 

H 


tiom te.) , onlyethe docal terns Hoe H, and 


Doe 
dropping H. Appelbaum (1967) argued that the nonlocal 
behaviour arises from the fact that the distinction 
between an electron from the left and right hand side 
necessarily breaks down in the junction, which has the 
effect of further breaking the local nature of the 
exchange interaction. 


In this section we will consider a different 


approach which leads to different results. This new 
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versus bias voltage at 1.6°K. 
versus temperature at zero nb ase. 
versus bias voltage at 1.6°K. 
versus beMmperavtlure a0, Zerombias. 
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approach ‘reflects the importance of the change of the 
electron energy spectrum in the barrier due to the 
interaction ‘between the localized impurity excitations 
and the conduction electrons. The change in the energy 
spectrum Will affect the amplitudes of electrons pene- 
Cravime tie sbarmicrm..and as a resuy the overlap of the 
WaVeruncig Ons Ot tne lett and right nand side electrons 
Wadi? "be “modified. This’ errect could’ be Vooked after by 
an Jenereyoependent= Tunnet Ing maurix element or a Local 
densuty el staves’ variation at* the’ Darricer. 

Sélyom and Zawadowski showed that the current can 


be written as: 
4 “s Joxeplts =e ft de 9 


i expression which has: been used in the case of super— 
conducting tunneling with the difference that p , (a=A,B) 
represents the local density of states. The bulk 

Cena oy, Of sStales pels related) vo the local ones Laroreh 


a renormalization function 4, such that 


Te shun Lon A) LOD baI ned in Cerns= of etner lf esr me wor 
the conduction electrons. In the case of an S-d exchange 
interaction between paramagnetic impurities and conduction 


electrons, and taking into account the Kondo effect, the 
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life time of the electrons is very sensitive to the 
energy of the ellectrongsrelative to the Wermi energy. 
This energy dependence leads to the anomalous I-V 
characteristics of diodes containing magnetic  impu— 
rities* 

The bocalidéensityhof states ™as*found by the 
authors.) +s salsGOQerunctlonrark jhe pesi tien Vor aiuile 
IMpPURBORGoVeKinkessential change in the current occurs, 
Lor IMNpUriltiy @voms Sivuated on the metal “oxide inter-— 
face (ors im vhe nexy watomic layer. (Because, of the 
exponentially decreasing waverunctions of the electrons 
(ne the Darrler.§ the impurities tocatedideeply inside 
ties DarcriLer Civertnio COntraouvion to the anomaly. in= 
Vest ieaclnp une errecy, Of Tne Impuriures 2 the metal, 
Loe Concept. o1 Mondo, coherence Leneth & was antroduced 
Se SHOwM aid Melee 2a) 5 impurities Within 6 measured 
from. tie Darrier wnvertace have an “errect en june dare 
Lame wien “Ls; proportional to, the impurity concentration. 
TMereiore thesvelecivron density cf States can perdiminmi shed 
Dy inerecascing the amount, off evaporated: impurities. Wns 
behaviour does not hold for arbitrary thicknesses ior 
distribuvions Ol Impure ties: for examole win the special 
ease when the impurities are homogeneously distributed 
in the metal electrode, the density of states is found 


to be the same as that of the pure metal. 
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A-I-B junction with magnetic impurities within 
the coherence length €&. 

The depression of the electron density of states 
within the coherence length, after Sdlyom and 


Zawadowski, (1966... 
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tis, indeed interesting to show that the present 
tneory predicts audecrease of the localvdensity of 
states compared with the unrenormalized one as a con- 
Sequencemol Une etrectwoi, the paramacneta ce impurities, 
Consequently, the tunneling current decreases in con- 
trast with the Appelbaum tunneling Hamiltonian method, 
WoL Che eivesvasuunneling Current COnUribuLlon Ooriecinatang 
fromthe Amourity assisted Tunneling. 

Thescaleulation wae based on a generalization of 
Bardeen's tunneling theory, (1961), (1962), to account 
for the manyebody.anteractions. The Green's function 
TeECinTOue om Lhe particular problem consisting of the 
solution Of. tne*letttand right band side problems was 
introduced by Zawadowski (1967), to describe the tunnel- 
iyzecurrent. “Ihe expression for the local density. of 
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ineverme of the imaginary part of the selivenersy opera— 


bor averaged over the position of the impurities, i.e. 
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where Ly denotes the thickness of the metal, The matrix 
element is taken between eigenfunction states satisfy- 


ing the Schrodinger's equation: 
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wavefunction, and Qo is the volume of metal on side aq. 
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PP ene impuritiespare An thes barriers the self energy 
te independent ofathe quantum number, Vv and. could, be 


Wreilucen ac: 


yi ~ [l2too 1? i (x )dx = [2%]? MEG Ke Cs ele oe 
W3O 

Where ceils se hemimpucityeconcentialdonnmand.)) (x ae 
thes Climenerecyeduat ne wbarriecr due to a single ampunity. 
ihe local NoaGurewot essed tecner ey Sssauus1 ed sii Lie 
exchange interaction between the impurity and the con— 
duecuLOneelecvulonei s described by whe Kondo) Hamiltonian 
which spreads over one atomic distance. As shown by 
Salyom and Zawadowski, the contribution of an impurity 
to the matrix element (2.20) is very sensitive to its 
Pest tion Trelavlve to the barrier intertace, and whe 
Mevrixwelenents aresamportant. only =1f they are taken 
between states in an energy interval AE, around the Fermi 
Surface, where the largest contribution to the Kondo 
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C= TV p/AE 


where Ve is the Fermi velocity. Jc is estimated to be 
80 A> for lAK = 20 meV. 
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obtained and should be solved in a self consistent 
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manner for all cases where Z(E)<0.8 at some energy E. 
However set hepséelimiconsistentrsohiutiongishmot feasiphe 
dueneoitnerphacvat hay no analytic form of the scattering 
amplitude is available for an energy dependent density 


of states. 


ewf tbe Tunneling Conductance and the nenormalizatton 


FunetLlon. 


Léu US" assume that ff =O) vhe Impurities are on 
One ss1Ge, O01 One Darrier, and the pulk density of staves 
GrachemmevalsS ame sconsuanivse ci the two sides or the 
Darrier. nen che “expression for the current is 
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The dynamical conductance and resistance are defined as 


€Gvies ia = Z,(eV) 3 R(V) = a-tay) «= ZF ley) . 


This te a good approxamation—atetinite temperature 
provided that Kgl << eV, and the variation or 2(E) 
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For the calculation of Z, we need to know the 
scattering amplitude. The typical ones which are known 
IiNe Lhe. teratureyare 
1) Abrikosov type (1965). The imaginary self energy 


que Go One Bmpurity ds 


y (R) =F F S(St1) art ( atone ) ] 
Im R) = +] [( log ———-—— pave li 
TW=heLe o pan PE nk, o 
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where ve = See An, The scattering amplitude has a 


maximum at +E corresponding to the resonant scattering 
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ey) Suhl-Wong type (1967). There exists a maximum in 


the scattering amplitude with energy comparable with 


B 
34 Nagaoka type (1965)." A~quasi bound* state is formed 
and Im ) Se eevee DY 
iw=Etie 
Im ) =} iL ay eel 
iw=Etie TOCR) © 24 Be 


Using the Abrikosov scattering amplitude and considering 


the impurities as located in the metal yields 
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where N, = JecR)cFCR)1° dR , N, is the surface density of 


atoms, and y is a parameter of the order of unity. If’ we 


introduce the following parameters, 


t = KgT/E, ; 
€ = eV/E, ; 
2 N 
(pe SA ub 
a= y 4 SéSst) Ne p) 


expression (2.21) becomes 


2 2 
Z(B) = —=98 eee) TX sl. Coealy 
log” (ntte) + y+ a 


Petrie -casesOLererromacneumue Coupling, i> U9. aunle creroy 
dependence of Z(E) is very small with small relative 
amplitude. The minimum of Z(E) > 0.9 for reasonable 
values of the parameters in equation (2.21'). In the 
Case) Of vanviterromagnetic coupling, J <0, ite is found 


that 


lim Z(E) = lim Z(E) = 1 at ftt= 0. 
F>0 Eo 


arid the minamum or Z(BYY*, 
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The larger the constant ac, the higher the impurity 
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GOncentration, and the deeper the minimum. The charac— 
teristics of 27+ for different t are shown in fie. ( 2-04). 
[hesres iS ury yy tax imnum Jose phnene ae resiit sol ihe 
depression Of the density of electron states around the 
fermi “enerey. Lf tne depression is large, the chance 
it Unesenergy specurum On tune Electrons Can De expected 
LO. cause an Csselttal MOdal cat ton Ol the Sscavcverias 
anelivuderalso. li tNatecase,. a sel, CONSsisveny cOluuilon 
Ts meecded., | A crude anproximavicn which may Pliustrace 
CHiemeorsecquencec, Owe lh (COnstsevency COuld be Varrived au 
DY wae suming thac the wrenormalizavion functrom 1s weakly 
energy Tependenvwe Iisvnise Case therdensi ty sor stares 
CCCUEINGs die ties cCaovrering amplitude au enerey tm could 
Dev replacea byevhe renormalization densivy of Staves 
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ther above, equation then Andicates that the enerey ol, ele 
maximum By is energy dependent. In fig. (2.6b), the 
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COnSsLevency peltecu. ~Nove tnat By iso shipved) towards 
Zero. and only the maximum sot “theramplitude can Desecen. 
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(b) 


TAWA CAM 


R(v)/R, = z-1 versus reduced bias voltage V, at 
adifferent reduced temperature t. 

Z versus E (dashed line), and the effect of self 
consistency on the energy at the minimum (solid 


line), after Sédlyom and Zawadowski (1968). 
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and=the results are not sensitive to the type of the 
scattering amplitude. However, the authors argued 
Cnat tt 1s still possible to distinguish between the 
scattering amplitudes on the basis of the height of 
the maximum. For example, the Nagoaka type of inter- 


action gives 


N. 
Nene PCR ena ee 
yer Ns 
while the Abrikosov type gives 
BY Ny 
Max. R(V)/R(V=e) = aa ie tlk 8 
x S 


Which is ‘larger °thanvVthe above expression. 


2.8 The Anomalies and Kondo Coherence Length 


Tie Ca recu. Ol, Tne) paramagnetic impurity Layer on 
Phe electron Genstly or Staves, Of the Host metal nas 
been introduced in the previous sections in its connec-— 
CTLOM With the zero Dias tunneling anomalies. The 
result is that the electron density of states may be 
depressed by the resonant electron-paramagnetic impurity 
Scavveriangean the Vicinity OL. tie “ImpUuriuy . himeorane 
ly, the phenomena can be viewed as a strong destructive 
interference between the incoming and outgoing waves. 
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length in more detail. As mentioned before, the 
electron spin polarization is damped out, beyond a 


4 A°, Nagoaka (1965). Some 


colrerence dlengvun EA = 10 
Other investigators have shown that the electron 
polarization tconststucor anwoscidl larame part and 2 
non-oscillating part. The latter has two ranges. 

ne Story trative: "tales Off Deyond a cub orm Cnerey rl 

rer lecvinge tie lang suructure,, and is characterized 

by Ep ~ aa Of vie order of one avlomic distance, where 
a is the lavulce constant. = The Wenge range has the 
asymptotic form -y73 S(S+1) gels are where r is the 
distance measured from the impurity. Sdlyom and Zawa- 
dowski (1968) pointed out that the cut off energy, which 
Sivess ene conerence length, could be devermined from 

the exchange coupling which is momentum dependent. 

This dependence may be stronger than the energy depen— 
dence jor, Une DULL relec tron density, OF staves... 1 7one 
assumes that the range of energy A over which Jrct 
changes S asuchltbat eA U<< )), then GA ae Ep: The spatial 
structure of the electron density of states is indepen- 
dent of the conduction-electron-paramagnetic scattering 
amplitude as found by MUller-Hartmann (1969). Therefore 
Mezei and Zawadowski (1971) assumed that the spatial 
structure is associated with the Jit momentum dependence. 


Their mathematical model is based on the basic assumption 


of. the Kondo Hamiltonian which is given by 
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H = Hy a Hy ; 
where H, = b ep at aey > (22225) 
Tigem= 2 ) (J>>./N) Des = iS 
il ret kk! “Koy % a8 Akt g 
k ,k' 
Jor Could De expressed in terms of Legendre Polynomials 
Po in, the following way. 
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have a peak at momentum Ky corresponding, to an energy Eo» 


ang Caltepe, represented by the simple analytic funcrion, 
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F(k) = ae Ae LSE ee ; 
Ac + (€,- € ve 

k O 
where A is the energy domain over which Juat Voie er 
Pienchnancer rn. vie electron density Ol suaves. 0. Cue 
To, thesampurivy, -can be described by anmyenercy depen— 
dent scattering amplitude t)(w-id), and 4 pos iisoen 
dependent function f(r) characterized by a coherence 
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= -2¢c . eee) 

= 0 ; pe= Ol, 2 aaeeO 
al 2 % 

a = T ; 

= c(k or) [cos 2 (Ketone) 7 ne U(Rt1)/k <<r<<é, 

ae Sole) Le = oy € J 9 &(24+1)/k <<r~E, 

(2.24) 

where c = cats Tp° Im{t,(w-i6)], and r is measured rela- 


CLVERtOVUNes positon on the impurity vom. in the, lone 
rance amt tea. >> ae a term corresponding to Freidel 
oscillations exists. 

Equations (2.24) show that the change in the elec- 
CGOn density Of States has different features in the 
short and long range limits which are separated at 
disvance corresponding to the coherence Jength EAS 
dn the short range region, the change is always megative. 
The amplitude of the depression has 1ts maximum at: the 
impupity Sive or at. one auomic distance, depending on) the 
typevoOr scautering. —Wiuh Incredsine distance, ULneuchange 
spreads over a distance which is determined by the cohe- 
rence length, as shown in fig. (2.7a). 

Mezei and Zawadowski (1971) extended their theory 
TO, Liemease Of an impurity layer, where: the effects 
become pronounced and can be observed by electron tun= 


neling measurements. The impurities must be displaced 
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CHAPTER 3 


EXPERIMENTAL METHODS 


AM lapee var eu Veo MeL Od Sys Gade poOseast Nl pit tain. 
Solo ims. a0 sraces soangine siromva rack. Onmots san 
angstrom per second to 10° A°/sec. have been utilized 
and discussed in the literature, Holland (1963), and 
Chopra (1969). Several of these methods, notably thermal 
evaporation and sputtering, permit. automatic monitoring 
and controlling of the rate of deposition and film thick- 
ness. , The fact that the properties of..the film. and, its 
Scrucuure depend on, various .denosition parameters jw.) 
Des COnSsIOSreCe ria Ghass Sect LON ls une eis.cy OTe cliiLs 
enapver we will discuss the tunnel, jJanction preparation, 


film thickness measurements, and the production of low 


Den ete UiPess. 


Slee ners Lb Cons deratl lon. 
Interactions between deposition, parameters. 

The main parameters which are responsible for the 
film properties are the evaporant material (M), the 
denosition.rate. (Vy). the. film, thickness “t);.thearesidual 
gas pressure in the vacuum system (P), and the substrate 
(S). All of these parameters interact with one another 


CO a Considerable extent. Kor example, vhe Substrave 
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might be characterized by its temperature, its material 
anc ecuriace condition, Lvs absorption of, or reaction 
with various components of the residual gases at their 
Pespeective partial pressures, and its interface proper— 
ties with respect to the evaporated material. Taking 
into account all the interactions possible between the 
parameters M, A, t, P and S listed above would therefore 
result in a great quantity of parameters which would be 
difficult to survey. Because of these interactions, even 
at similar thicknesses, films of very different physical 
Caabacverise lca, Can pe .Opua Mmed . 

Generally the process. of film formation is a-diifru— 
sion controlled process which can be divided into four 
main stages, Uyeda (1942), Levinstein (1949), Poppa (1967). 


(a) Nucleation and g@rowth of mucle?z: 


(b) Coalescence of grains. 
(c) Formation of islands and channel systems. 
Cay) Formavlon, of continuous and uniform Layers. 


Investigations, performed mainly on indium by Pdcza (1967), 
show that there are two kinds of coalescence; b(1) the 
shape, 01 coalesced @rains does nov change up Vora Certain 
saze, beyond which the grains flatten and the pull in 
grain boundaries are observed; b(2) the influence of the 
residual gases (P) might impede the growth of the grains 


im each of the above stages, and due To Che nucleation 
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Oneine coacing covering tne surface of the erains, “tune 
growth stages of the vacuum deposited film begin all 
Overwarain, 

The effect of the substrate temperature on the 
electrical resistance behaviour during the coalescence 
svage ot Ap Pilms evaporaved at a urate or to. A°/sec. 
Oneelass. 2s show in to 35 le heat ier ChoprasaisiG oO). 
(1968). The temperature dependence of the critical 
thickness We acu which electrical continuity is aviained 
is shown in fig. (3.1b). These curves show the sharpness 
OUyUner COalescence Vransi01one Prom adiscontinuous) voeat 
electrically continuous Suructume, boun sene widuh of er ne 
Prater tlOneandsu ie. Cr mhicai ti cKmne sc ineréease with 
substrate temperature. ener mobisiaty vane ehence  nieher 
agelomeravion ss obcained for fiims of low melting 
Materials Gn smoovuh and inert substrates. The High 
SUmraACce MOU LILysCepoOsi us) Of Ac@and Au condensed, on 
Dyrexeclass slides at P5 2G become evectrically continuous 
Giaeaiimaverare TLoOLcKness Of abou 50 A°. On the other 
hand sitims, of Wy Taj Ge, ol and) various meraleoxmides 
deposiuedmon several substravres ay 25°C reach continu cy 
av an average thickness of several angstroms. Any pro- 
Cesis, loneiievesiayes Pioenlan, Mya alipkeeiereNcy Bhalla: aki sqllellicvernnlevel 
density and hence lesser sazclomeravlons results in 
electrical continuity ac a smaller thickness. Hor 


Sxemple, Using pre=uclearilone centers sucheas Bi50. or 
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Ga) The resistance as a funation of the fillm 
timekness atc different substrate tLemperatiuaes. 
(b) ‘I'he temperature dependence of the critical thick- 


ness t (A°%) (taken from Chopra (1966>1,4( 1060) )- 
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Si0 on glass increases the nucleation density of Au 

fi imsgreand,thus.the-films.attain electricals: continuity 
gitaOndatas compared with 60 A° on clean glass. This 
methnodmpiswuceful for obtaining wiltrathnin continuous 
films. Al films, have been reported to be electrically 
continuous at 15 A° thick, Vrba and Woods (1971). The 
continuity of the Al films between 20 A° and 100 (NS Shc 
important in the analysis of the tunneling conductance 


characteristics to be presented in Chapter 4. 


SoeeaJunetion Preparation 


They methods*of” junctions’ preparation= which ‘were 
adopted in this work had the following primary objec- 
eive's. 
(4) Fabrication of the junction entirely in the con- 
broiied environment or: a’ vacuum Chamber,” 'so7 thay the 
wunet TONS WOU d= be reproducible = Trom sampye™ Vor cample 
anasuie™ COMPOST tLen OL tne Darriers= would DesUnmMoOGI Tred by 
the contaminants of laboratory air. 
(iy " Control and determination of" aitrerent™ fim cthaick— 
nesses in the different junctions. 
(qi An tdentical varrier-oxide= for a sev or unctions 
To Tact ML tave: tne Comparison OL UCNelr Cllaractrerasta ca. 

The® types=oLr Junecvlons used= imetnis work-are tne 
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le) A1-A1,02-A1 doped with Ni or Fe impurities 
ater Verenie ais tvallces a fron tne barbie inveriace. 
The location of the impurities r varies between 0 
Navel Ia iOdN 


G2) A1-A1,0,-Ni (or Fe). 


cee 
(2) Beater OMe where MPis Al. Sn, Pb or Fe wcounter 
etecurodes.. 

tne Al iitimsswere CVvaporacvced Trom = Lunesten 
baskets using Al wires of 99.999 % purity. Ni and 
Fe dopant and films were evaporated using bare fila- 
ments made of Ni strips and Fe wire of 99.99 % purity. 

ASoyolcal wsunctilon vreparat ions procecded in tiie 
rormlowinec. manner: 
A base TAlefilmsaboutrhOOO ASethick was evaporated and 
oxidized in a glow discharge [Miles and Smith (1963], 
OnnUSievOrr pPOLReXyeen, OfOGRamcime abet ween i oeand a> 
Minutes, LOkebLain afjunetlongresistancesberweenes0 sand 
LS Ocoams me tithe thse voltage electrode;was adjusted to 
DHovidewrl! maahneck tonizabion cunprentetfhoixpAleraims: of, 
different thicknesses (r) were deposited at a rate of 
Pehn/seceuimecrder itesobtainean electrically scontimucous 
film latesmaLbethiekness. | LImmedlavelysakuerathat 4a INt 
or Fe impurity layer was deposited, which was followed 
byenvorck wh heRikmn oe compleverthe ej uneuionstarhe 


dynamic resistances of the six junctions at a bias 
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voltage of 250 m.V. were almost the same, an indication 
that the Al,0. Damriter is uniform, vand that Ni does. nou 
change the junction resistance. For comparison... .one. of 
the junctions was not subjected to the magnetic impurity 
atoms. 

Thermal oxidation has been also used to grow 
Fe,0, barrier, Tomashov (1966), and Al,0, in case of 
an, Fe counter electrode. The mass equivalent Chickness 
of the deposited films was. estimated, from exposure. times 


and erystal thickness monitor readings which will be 


discussed in tne Tollowine section. 


3.3 Thickness Measurement 


Tiheknesst i lsuoneroretheimose Signitgicantar iim 
parameters. It may be measured either by in situ 
mMenitoriinetorithe rateaot depositlongvoriarcera rhe 
fadmiats taken outeorithesdeposition-chamber. *fech= 
nigques#ovarvhesitirstetvype, oftensreferredeto as 
"monitor" methods, generally allow both monitoring 
and controlling of the deposition rate®and=fiim-thick- 
ness. Several reviews of the subject have appeared in 
the literature, Behrndt (1966) and Steckelmacher (1966). 
A sensitive method is based on measuring changes in the 
resonant frequency of quartz crystal oscillator with 


mass loading when operated in a particular mode of 
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ViDPatLOns San Gnartarcrysualemonitormt orimonitoring 
andscontrolling ®theyratessorrpothetherdepositionnand 
the evaporation of metals, nonmetals,and multicomponent 
films has,become_universally accepted and is at present 
Che cn y mMosu important: monivor, Tor-tuingia lnevechnolecy.. 
The use Of a quarts crystal, as a) thin tilm monitor was 
first proposed by Sauerbrey (1959), who made an exten- 
sive investication of the Various parameters of the 
monivor. ~Theymonivorsurtlizes the thickness shear mode 
Ob as piezoelectrac erystal. A 35° 20. diartzZ, cated 
Che Aiicup ess reneradly used because of its low tem- 
perature coefficient (+5 x 107° between -20 and +60°C) 
for, the resonant frequency. The standard method of 
operating aro Al cue erat is by perpendicular excita— 
DiS wisineemere lL electrodes, she crystal then ivibracves 
Bom CiONIe Tok ols ca.) SOmuUlal MOS Of the ishear 

aco Olmeokes Dlace an the crystal inverior, and moss. 

of. the mass displacement occurs at. or near the crystal 
SuUrtace. Senco intean chin wnioorm Layers ol lany mater ie | 
to. one surface of the crystal 1s therefore equivalent 


to increasing the crystal thickness (d) by an amount 
sa = — : | (aay) 


where m/A is the area density of the deposit, and Pg 
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is the volume density of quartz. Since the fundamental 


frequencytof thercrystaltiswrelatedetositsethickness 
by 


Poel ee 3340 m/sec. , (Re 


theefrequency Tshiftensoftdueatosdeposited materiallis 


given by 
6f an 
aa ee (3a) 
4 q 


provided of $70.01. f%¢ 

Warner and Stockbridge (1963), and others, have 
found by independent mass determinations that this 
last expression gives a correct (11 %) description of 
che monivor behaviour even if?the crystal is masked 
and lightly damped at its periphery in order to make 
elecuritcal, tmermal, wand mechanical contact. 

it the e€rystalsmon vor results are “Combined Iwien 
film thickness measurements obtained with a Tolansky 
WiUVerierOMever, Lu ic pOostpLe VO CSvermine. tne averare 
film density... Haruman (1965) found that Aletrims 
attain 80 % of bulk density at t ~ 250 A°, and 97 % 
of bulk density at t>1000 A°. Hartman has found Al 
film densities to be somewhat variable while Au films 


attain bulk density even when thin. 
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Table (3.1) shows results obtained for Al, Ni and 
Fe during the course of the work reported here. The 
uncertainties given are of interferometric and geometric 


orien 


aly ae ye i 
able 3. ) The density ratio Prim’ “bulk calculated 
fromeenes single crystal monivor readings and the mptrical 


measurements. 


Density ratio 


Material Thickness ( y ) 
GNC) Priam’ °puik 


Low film densities are generally attributed to 
VoLds 2n thew tim since electronsdiliractaqon patterns 
reveal the bulk Tavpuice spacing Lor the cryspaliiacves 
OL the film. Film thicknesses quoted in the remainder 
of this work will be mass equivalent thicknesses 


relative to films about 1 K A® thick. 
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The oscillation ,fisohe sinelescrystal; most of 
Cnewmass displacement occurs av the crystal 
Surtace. 

The circuit diagram ofthe single crystal *nonivor 
used in the present work. The integrated circuit 
is Motorola MC 1024P. 

pangle erystal Nolder yevermvwellteht springs areyused 
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the Carcuiteda agram ot the single crystal monitor 
used in this work is®shown+in fig. 9(3.¢cb). The crystals 
are mounted in a waver cooled copper jacket, and a silver 
coating was used to provide electrical contact with the 
crystabeerContaes to the coating is secured by: light 
Spring clips as shown im fic. (32e). The outputs 
Ob thes oscil Tlators-are connected to the inputs of a 
counter timer device (Monsanto, model 100A), which could 
measure une tTrequencies fy and f, of the oscitilators. yor, 
With assmalis modification (the ratio f/f, as a wunepion 
Ol tne deposition time. The frequency aT ts Constanyv 
at about 5 M Hz/sec. .while fr, changes as ea Tunculon ot 


the ,deposived meual yoneunewsuriace or the crystal. 


3.4 Production of Low Temperatures 


The experimental arrangement used in this work is 
Shown dnerie.. (3.50.9 The Vetters denote the following: 
(P) is the pumping chamber and is provided with a needle 
valve (a) to allow the desired amount of liquid nitro- 
gen or liquid helium inside. A stainless steel tube (b), 
provided with the thermal shield (h), connects (P) to 
a Citivelon  pulbD.. SDY wDUMpI new OVer sthe siiguid heiium, 
a UVenperature Of) 1°K could be maintained. A regulating 
Velvice bo CONnLPOl. Une pressure =abvOVemtne se lium Changes 
the Gemperavure between Wd and ice Elevated tempera- 


Cures HUD vO 70°K could be maintained using an electronic 
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The cryostat arrangement for the production of 


low wemperatvunesr. 
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controller which senses the resistance of a 220 2 speer 
carbon resistor (d). (S) is the sample chamber, which 
contains the sample holder (e) and the germanium thermo- 
meter (g). The vacuum chamber (v) is connected to a 
diffusion pump. A vpressure of Sie Oa torr. 1s needed 
te shield the sample chambers trom the Liquid helium 

bath (t). The cryostat was designed to fit in the core 
Of a720)K.G. superconducting magnet (M)< sindium Osring 
(o) plus apieson grease # N were used for vacuum seal- 
ing. The grease makes 1t possible to separate: the cans 
from their caps without damage of the indium rings, and 
it is possible to use the seals 4 or 5 times before they 
have to be repaired. 

For temperature measurements the germanium thermo- 
meter # 904 was calibrated by Dr. Rogers between 1°K and 
60°K, and by Dr. Woods between 4.2°K and 12°K. The bridge 
used for the measurement of the resistance of the 


germanium thermometer was designed by Dr. Rogers. 


3.5 Conductance Measurements 


The dynamical conductance and its voltage deriva-— 
tive dG/dv are measured as a function of the bias 
voltage v at different temperatures. The conductance 
bradeemusecd for UlNls purpose 2s described oye neosers 


(1970). In a typical measurement, the junction was 
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eooled to eke which-is the limit of the pumping system. 
Superconducting energy gap traces were recorded to 
confirm that tunneling was the dominant transport me- 
Chanitsmein the junction. Any metallic bridges in tiie 
Oxi ce Dartier would lead to serious. structure in tne 
pap fegton. A magnetic rleld parallel to the juncvuion 
films was applied and increased until the conductance 
versus voltage plot showed no Gvidence of the super-— 
conducting state. With the electrodes in their normal 
Stave, cone bDridre was balanced au a suitable bias 
yvolvage.o The jon balance signal of the bridge is 
proporuronal Go the conductance change In the junction 
proagucea Dy varying the bias, the temperature, or 
bisheramagnerle flelds Sand is plovcted (bysune x—v 


recorder with-the required sensitivity. 
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CHAPTER 4 


EXPERIMENTAL RESULTS AND DISCUSSIONS 


ii omadd Conductance Preak 


The typical conductance versus voltage charac- 
teristics of an Al-I-Al junction doped with & small 
amount Om Nie impuravlessat the barrier invertrace, is 
shown in fig. (4.1). The total conductance G ean be 


written as 


where Go ie cone vemperavure independens backeround 
conductance, and AG is the 4 % conductance peak 
anomaly around the zero’ bias. “The observation of 2 
eonductance peak anomaly due to magnetic impurities 
au une Darrier intveriace was important’ to justily- the 
basic assumption given by Anderson (1966), that the 
localkwwed magnetic Lnpurivy Spates are Che oli mw for 


the phenomena. 


a) Temperature and Voltage Dependence 


ihe Conductance. versus DLas Voluace, av Cli terens. 
Lemperavuress4s Shown im fig. (1.2). 0 it was) pointed: out 
by Waco (1964), Ghavi tie conductance Su Zero bias 


depends on temperature as - 1n T and that the voltage 
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Beye 2). 


The conductance versus voltage at 80 K (dashed 
Iine)"and 422° « Gsolid line) of an Al=(=AT junction 


doped wa ChoNi impurities ‘at Lhe barrier intertace. 
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AG versus V at different temperatures. 


ian vege ra a 


7 an Mt 4.0502 
eermuaetsqmss tyeteltts ts ¥ aueto all 


- : 


2.11K 
3.55 K 


5.8 K 
22K 


\ 
(op) N — (e) 


(sy!1un quid) JONVLONGNOD 


V (m.V.) 


Or 
Ud) 


dependence of the excess anomalous conductance above 


Ghe backeround was (for eV >> kK.T) also logarithmic, 


(3) 
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Invvesexcess conductance is Identified withy the G 
Verm Ciscussed before. “A plot sof sther voltage dependence 
OL @(3) (y) at 2.1°K and the temperature dependence of 
@63) (0) ich TSaronnig) Gkighcicives (Ole. ye The voltage depen- 
dence drops, Delowea Linear locaritnmic plop sac. how 


VOlIvasemoecalse Ol ky hecmearing . ines Temperayures de— 
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Dendence onouldy tit Onscune yoltacesdependence tor 


eV >> Kat inn, phe expression 


oo eee, [lev] + nk gT)/E, J = FCey) & 


Pe unLey. st cromepne displacemens of Lhe Temperature points 
Welsh OUnc weliatearrin =i. juet0 ee oraid Bo = 5 meV. “omen and 
Rowell Gloo7)) found that m= ls35 2 0.1 >) for wa-1=A) and 
Sn-l=—sn junetions. . Nielsen (1969) found that n should be 
10 at T = 0.36°K, and at higher temperatures a different 
vValuceshouLasbe chosen. “A more accurate represcnuacion 

of F(eV) was introduced by Wolf and Losee (1970), where 

Jev|* 4 Ge % 


F(eV) = -p in |———_,=+— 


E 
O 


With a best value of n = 1:34. ‘Numerical calculations 
by ippelbaum Gives m= 1.355 where the cariicr phenomenco-— 


logical model used by Wyatt (1964) gives n = 1.1. 
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The dependence of AG on bias voltage (open 


circles) and AG(V=0) on temperatures (solid points). 
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b) Magnetic Field Dependence 


It is difficult to regard the above results as a 
critical test of the Appelbaum theory. Zawadowski 
(1968), using a different approach, arrived at the 
same energy and temperature dependence, however with a 
conductance peak for ferromagnetic interaction (J> 0) 
becween the conduction electron and the Woca lized 
magnetic Ampurity, states... A critical test: of sone theory 
1s possible if oné investigates the prediction made by 
Appelbaum tor the eifect of "a large magnetic field at 
very low temperatures on tunnel junctions doped with a 
low enough impurLty Concentration tO meet The! conditions 
Of thestscory., Due Totexperimentaly limitations and 
dit ticultses 10 was Not possible at) this vstage to carry 
out the experiment under these optimum conditions. 
However, the results available to us will give some 
information on the magnetic behaviour of Al1-I-Al junc- 


ClLons,dopedswith Ni cmpurities. ~As) explained. perore 


the second order transition probability, wis? produces 
a conductance Gg <=) (y H) corresponding tO the spin fiip 
Precess., -whichebecomes inelastic in vhne presence of ia 
MagneoLcerveld, (he tunneling electron smust) caupply tie 
excivavvonds enerey Sup Hi TOsuhes LMpURI ys bu. ees 


(e) Cerm.. ae 63) erm 


one expects a well in the G 
which includes the Kondo-Appelbaum integral function, 


shows splitting as well with two peaks located at teupH. 
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Experimental results at 1.5 — were an ol ya yunction 
doped with Ni impurities in the presence of the magnetic 
ets SHOwm in fig wed. The effect: of the field 
is first to reduce the height of the peak as if the tem-— 
peraturewwWac DeIng increased. At 307KG, a dip in the 
conductance starts to appear. The magnitude of the dip 
inereases™ by increasing tne magnetic field and Starts to 
saturate at relatively higher fields as explained by 
Appelbaum. 

The effect of k,l smearing is Serious vin cthis ex— 
periment. For example, if ¢ = 1 and H = 45 KG, then 
Eup = 0.26 m.V.3; and if the smearing h of the tunnel- 


Digecharacveri aves 15.5. 00,0, Chen av Week h= 0.13 


B 
DV. WHC smears the conductance well to a dip. yWolt 
and Losee (1970) found that the expression (2.14), 
Obtained by =snen Lor the temperature broadened conduc— 
Rance ewWeuUalbomiou. applLcaule for ned daca. a lid aie 1 
Suudy ol Schottky barrier anomalies at Tee aks and) DSOGKG. 
they found that an extension of Appelbaum's theory to 
include Che magnetic 116eld—-induced Lite vime broadening 
substantially improved the agreement with the experimen- 
beleconducwance line shape at. higher fieids. "they 
jehaterelnong:  abrepge elele gb) Germ 4 TLeld -dependencs broadening 


r = eney eae and a measured gyromagnetic ratio g = 


eee Easel. where J and p are the exchange coupling and 


I wish to acknowledge the use of Dr. Woods‘thigh field 
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density incorporated in Appelbaum theory, and Bo ve tie 
10n g-factor in zero magnetic field. According to their 
calculations, the amplitude of the q 63) term is reduced 
owe Cre erica OMG rads COULG spe ner leu med. |. c. 
Une maeie res peld “quenches  vhe Kondo scavcrering. “line 
Value Or ez vande could "pe determined trom tine “location 
ang the half width’ of the peak of dG@/dV in’ high magnetic 
ier ws ne maciet rc tela avarLaule= Vo ts ao tie =o ime 
of the experiment did not exceed 60 KG. In this field, 
one *couldest lr P*opserve’ the *tretasproadening@ erfecv on 
the peaks located at the Zeeman energies, fig. (4.4). 
Experimenta! dirriculties in the determination oT 
dG(V)/dV necessitated large conductance peaks due to 
relatively small amounts ‘or dopant." Lt was. Tiot possible 
DOr proaquce suce junctVons Wavir Naimpurlores. Ever then 
the errors in the values Z and [ will be rather large 
because dG(V)/daV could not be measured electronically 
Wel wrecipereceuracy. © UU ls Chearay ampoOssi ble. GO ert racy 
unambiguous exchange parameters from fig. (4.4). How- 
ever’ the s-factor, devermined from the estimation of 

the peak separation versus magnetic field, was found 
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ec) Concentration Dependence 


The tunneling conductance versus voltage charac- 


teristics, at 4.2°K, of Al-I-Al junctions doped with 
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different amounts of Ni impurities at the oxide interface 
are shown in fie. (4-.5).8 The results indicate that, 

(a) - The conductance peak increases first with the 
impurity concentration and then decreases at higher! 
concentration; (b) - The background conductance increases 
havher, rapidly. and aterelavively high concentration, tre 
conductance peak is superimposed on a resistivity maximum 
at zero bias. This behaviour has been observed in many 
other junctions. As far as (a) is concerned Nielsen 
(1970) found a reduction of the conductance peak upon 
ANCr Castine aunesamount Ole Cr (dopant Trom 0.1) te 5 A° and 
its absence beyond a thickness of 6 to 8 A° of cobalt; the 
taLeKness range for the conductance peak of, fi dopant 

is between 0.3 A° and 63 A°. He attributed this beha- 
Viour to the_interaction peoneen the impurities which 
minimizes the free exchange of electrons and impurity 
spin moments. However, the correlation between the 
IMpuUriGyespins 1s"nov the vonly mechanism whichieleads co 
the decrease of the conductance peak anomaly. Appelbaum 
(1970) found theoretically that the conductance anomaly 
aque to a single impurity 2s a function of wits position 
relative to the barrier inteériace, and could be written 


as 


yal) Seek ake 


where E, is a cut off energy, A(R) is large and positive 
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G wersus Vifor-an Al-I-Al junctions doped 
approximately with (a) 1 Ac; Ge) 2 A°; Copies ee 
Ci) 5 B-:; and %e) V7 A at Ni impurities at the 


barrier interface. 
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when) theiimpurd tyediessadns the) barrier ,,zero,whenriti! is 
atethes,interfacerand.oscillatesswhen dteicedocatedsin 
taeametad.¢4iun thes.case, of randomedistrabution.» the 
conductance at zero bias will depend on the effective 
position, of. the impurities... Therefore one expects: to 
observesar conductances@dip,at al hight enoughyeonecentration 


OfhAmpurities, deposi teds ony thes Al inveri ace. wiliais 


ome 
behav ouUrteisanoteretlected if our) results .»«)Theyconduc— 
Taneer peak Stile cx st Sea te abouts 2 0 ae impurity Layer 
thickness,which is large enough to move the effective 
POSd ta 0nse Of. thesAmpuraticsatrom the barrier, to) the 
electrode. Neugebauer (1959) found that Ni layers 
Decomes herromarnetacyatedaathickness.of/3 ae it seems 
TAecM pPOSssablento associates ther smalladecrease, of the 
conductance peak-anomaly upon increasing the Ni. dopant 
Withy aa weaks Correlation, betweena the, magnetac, impuriticss 
As far as (b) is concerned, the behaviour of the 
conductance-versus) bias«evoltage,for, heavily doped 
junetd onsecould.besexplained by. thenistrong, coupling 
theories. i» There arestwo theorilesefor thestunneling 
electrons strongly coupledsto, the~magnetic moments. 
Sélyom and Zawadowski (1968) showed that the resistance 
Versus »bias-voltace-behaves sdimitlar,to} thesreciprocal 
late) times ofe the: scatteredselectrons asia function, of 


energy. Using Abrikosov's solution for the scattering 
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ampbibudes, whelmesistanctes exhibitsr ay peak at. a- finite 


voltage Bo >a ice, Doane hes efiecteiot smenensi ne “impurity 


B 
concentration asftor shift BG towards, they zero. bias. 

They had also shown that the background conductance is 

sid shtdvyetemperature: idependent.. This as in qualitative 
agreement with our results, fig. (4.5). However their 
theoryidoes notid@ncludesthe) spins tip. process.) and 
thenefores tis) novmadequate. tol.expiLain, the observed: Zeeman 
splitting. Appelbaum et al (1967) predicted a small 
Conductance pea lkeawisieithes spine ip. process gus, dominant 
anda: angse mesistance: peak af the, non-magnetic assisted 
Gunnet ner procesis~ ss lmportanties yHowever:, the, twovanomallies 
havesttie® Samemenerry erance ;landysiherefore pare mutually, 
exclusive amOuricesilbsaishow thar ene two. anomalies could 
betiproducedssimuLcCaneousiIyewand could not be explained 

by a Single theory. This means that the assisted tunnel— 
ing? process) and fuhe, meducbilor pin rhe electron idensimy 
Of=svates should be treated simultaneously. Using a 
Green's function decoupling technique Appelbaum showed 

the possibility of such a treatment. Mezei and Zawadowski, 
BOWwever., 1ndecaved thatvslt boul pnencmenaware = prescnu, 
Wicvaws. LU produce an interference "cross: Ler whic yields 
an asymmetric. contribution to The resisvance anomaly 

while the experimental results show fairly symmetrical 


R(V) characteristics. Therefore one of the phenomena 
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should be neglected. The alternative explanation 

ODrfered Dy Lhevauthnorss 1s thats the impuricics in the 

Derrlerawil beat recu tne electron density Ol states to 

produce a conductance peak and those in the metal will 

be responsible for the resistance peak. “In order cto 

besu bNtcareumenb shhne errecr of an impurivy Layer 

imeuroduced inside the metallic electrode should be 

investigated. This effect is discussed in Sec. 4.3. 
Wewbelteve that tne strong coupling theories are 

Nov auspreseny practically reliable, and they have nov 

WOPKEC JOUU Ti whe presence Of “a magneuilce field. (Our 

experimental results show, however, that less than a mono- 

layer of Ni impurities at the barrier interface can produce 

a conductance peak anomaly which could be fairly 


explained by Appelbaum theory. 


ie Tunneling Results’ with Interacting Magnetic impurivies 


Fig. (4.6) shows typical results of the conductance 
characteristics of Al-I-Al junctions doped with three 
aquireren: Concentrations of Fe impurities. 9.in contrast 
with Ni results, a very small amount of Fe (less than one 
monolayer) produces a conductance peak at zero bias; 
curve (a). The peak disappears at 1 A° of Fe, 
and av small conductance dip starts to show up.) curve (b).- 


A large conductance reduction (resistance peak anomaly) 
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Figure 4.6 


Conductance versus voltage for Al—I-Alj) junctions 
doped with Fe impurities. Doping is approximately (a) 
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teirobserved at i. o.A° thick. ‘Thisiroverall ‘conductance 
behaviour has been observed before in some other junc- 
taltonsyrbylMezed e@koGhny, tandiiythald Mand iWyatt. 1Go6Gn?. 
Nielsen (1970) found that the first few evaporated 
layers Jor {Cre mpuUGgi tes von ne. Stop) oftan Al 503 Dalnriter 
were Inothmabile) to »roduce tai conductance ipeak..='Thet Cr 
was partially oxidized by the excess oxygen at the 
iivertacemotmalhetbaririier = iithesoxidatLomretared ican 
DPe Vente, freerex chanezemor [coonductiontelecirom and 
impurity spin moments. This has been confirmed experi- 
mentally whentiattlarge tconductance reducttonmdue toa 
magnetic) oxidel:was>) ‘observed tand attributed: to the for— 


mation 'ofvan additionally barrier ‘at’ the barrier interface. 


ihe: bias (cance tofpithissreductiion, wasveiven by 


ve =Cdtt o/b, 


Where (anda, d “ares thenchichnessessioltviehe A150 and the 
added wnagnetice mxidel barrier fmandigeaisiithe heteim of the 
acddeduieammrl Crime esc Oonductiianceltcharacteristics of the 
undoped) jmncrrvonMshonud debe: retained ars bitacslevolvaces 

Va? ies [iicnesiassoctates SOsmi.. Ve fore the barrier 
helen wf Daan asuouvaimie Wennom thier works Of Dasa ry e.cy fon 
(1968), and uses 20 A° for the A1,0, thickness, then one 
showmlds observe the, pure. urnretion wharacteristicsiat 


4Om.V. This is.not the case in our results. We ob- 


Served a conductance peak at low concentration, and an 
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anomaly which is even stronger than that of Al-I-Fe 
junctions. Therefore one could assume that the tunnel- 
ing anomalies are due to magnetic Fe impurities rather 
Thanw aamacnet 1 Clon de, 

Abrikosov and Gorokov (1961) studied the effect 
Of the magnetic Impurities on che superconducting 
stave. They found oue that the S-d exchange scat— 
tering makes the life time of the Cooper pairs finite 
in econvurast to the ordinary potential scattering where 
tic teavinesrenaitsantbinite.,  “Duesto his depairinge 
etfect, the @eritical vemperature A deereases. “Ihe 
finwoe Litest ime oOnethe pairs causes ani-enerey ispread 
DeOpoRt onal ston tiewinverse late stime and thus broacens 
Pact Leo WdeioUubyeOlmacaues (Curve. The palm breaking 
ertect on the ssuperconducting density of staves and the 
Cransivaon Cemperavure ol the Al electrode is shown in 
Pie. bee This Se lustraves sthatethe S-d interaction 
HS thevorigin of the zero bias anomalies observed in 
Lhe: normal Tunneling characteristics. 

the conductance peak versus) blas voltage at 
different temperatures is shown in fig. (4.8). At 
4.2°K a broad conductance peak located at a bias voltage 
slightly ditterent from zero was observed. An additional 
narrow peak (~1 m.V.) is formed at 2°K and starts to 
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Appelbaum and Brinkman (1969) studied the effect 
of electron-magnon interaction on the conductance 
characteristics of simple metal-oxide-transition metal 
junccione.. They found that an additional peak: im the 
eonductance should be formed with a width of “about one 
tenth of the maximum magnon frequency. This peak could 
also split at low enough temperature and Zero magnetic 
fieiovdue to magnonscreatiton. In the case of Ni counter 
electrodesthe peak should occur between 2 and 5 m.V. 
The additional peak, shown in fig. (4.6), cannot be 
associated with the magnon renormalization effect on 
the conductance characteristics since the impurities 
are Wess than ones monolayer (Uhick and™=tne peak disappears 
Upene increasing: the Ker concentration. 

Gupta and Upadahyaya (1971) extended the S-d 
Appelbaum model to account for the effect of the weak 
interaction between the impurities on the conductance 
peak anomaly. They found that the conductance peak 
Gould even have Zeeman splittings Jn the absence vor an 
applied magnetic field due to the magnetic impurity 
correlation. Results at 1°K and in the presence of a 
magnetic y field (to quench the ssuperconductivity, fiz. 
CiGa sat) Nsseen bo. agsistatois idea. ineser rect tor athe 
freld is to reduce the magnitude of the additional “con— 


ductance peak and slightly affect Loss SpLUCT aie. 
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pimilar results have ‘been observed with intermediate 
impurity concentration, curve (b), but the dip becomes 
sunongermjand witderstasronenexpects) Mor jo:loser impurndiwiies. 
Toi our, knowledge \the| magnetic field effect. on.a con- 
ductancetds phasmnomibeemreporteduim, thes liternavpure 
excepriaine ave ohiaivgd dovedtiprn .jiunct on. 

iawouldtappear then that) the) interactions between 
themmaener kes impurit keswineal barrier become galmporvant 
ate Surprisingly Moweimpund ty tconcentrations)<tand, that 
theymmay be tan CONGRADULIng hactiorm to thes zero bias con- 
ductance: dip iwhicheats often sbtained with higher ampurity 
Goneentrati oni Finds its ehhesgifiirs tyrob servationwof sive 
INpercacmiiomarne ple wa mpurl ayes hectacon: they bunneddag:e 
conductance anomaly. Otherimwork:, arsine: Keswasica dopant, 
has been reported by Christopher et al (1968); they did 
not observe a conductance peak at impurity concentrations 
Oise sae im han iaymonala yeriae he icimjiricithkompynoweveri.s was 
difiierent sin tthateithelsoxide barrikeruwas grown thermally 
iii wetter) hiehermsconcentratlom they tobserved roux 


result sito ameststance weakly anomaly. 


ly Tunneling Results and Kondo Coherence Length 
SO far, Weenave, Observed 4 small conductance’ peak 
aide oe leree CONndUCLaNnCe “ip Li CUNnne! jJuUnCcuLons Goped 
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barrier incverface, = [he regions of, agreement with the 
existing, theories nave been introduced... The small 
conductance peak shows Zeeman splitting in a magnetic 
field; and has the logarithmic temperature and energy 
dependence as predicted by Appelbaum. We further 
associave the rapid increase.-in the conductance with 
the strong coupling theory of Zawadowski et al. 
Knowlne then that the origin of the zero bias anomalies 
is due to the interaction between the conduction elec- 
CiroOnseanGd the magnetic impurities av, the parrier 
inverface., iv became Amportbant Co investigate the 
er mecus Clonee IMNpDUrLULes Which are introduced” inside 
the mevallic electrodes.  Whese effects can reasonably 
be considercdsas Vocal disturbances in the conductance 
Slectron waverunctions, rather than modification of the 
Gunneline Matrix element such =as impurity assisted 
channels. Since the electron tunneling conductance 
anomaly can be regarded as a measure of the change in 
tie elecuron density Of, states au the barrier intertace: 
it 2s then possible vo study this change as a function 
Of toe AMmpuri oy DOSItVon and cbtain ssomerinhormation 
about the existence of the Kondo coherence length. 

in this experiment we introduced the Ni impurities 
in a form of a layer Jike distribution inside the metal 


and at different distances r from the barrier interface. 


yaTsro bas ipa yt edt esd bas <b ott 7 

ortverut “SW tusiiieuaé vd bSYbtbenq ee eonsbmeqee 7 

ivtw sonstoubaes eddnt susSnont bigest ots aacaekiaiss w Va 
+i t9 blawebswss to yrtoort gmkiquos: ynotds od 
estlemons askd o1ss etd Yo mishto. ode Gadd aed’ gabwout | 
-99i6 iisdoubaGetsts mreswisd ‘no ktostedit odd O89 oub ak 

teliid sft ts astdtaugmt oftengem ed? bas enomd i 

oid Sisnktasvat od dnsdroqmt smeoest th ,eostasdnE r 

sbtent -banubortal sve dotdw eoltinvqmt odd to adookte 7 


a 
YidanoseeT nso atjoslls sesd?  esbortogte oblisdem ant = 
sonstoubnos sit at esonsdtysalb Lssol es beaebhenos 6d . 
ety to nolidsottibom asd’ teddst ,anottonsevew sortoeis i: 
bosateass ytimuaml es dove tnemsis zicwam yatfseaned 
soitsJdoubaos gniitencid norssels: edd sonl@ .efennedo 
nt sanedio sft to sitvessm e gs bsbigyet sd neo yiemons : oe 


@oLiresial isttisd ot ts estveda lo yvhemeb aorjoele oat 


=? 


dotsonut s ss osnants: etd ybide ot ofdlesog mend eb ak 
noissmitotntk smoe nistdo bes, nokitzoq ytiaugmt sit? to 
wfizanel somersios obnot S39 to sonstaixes aid Juods a 
aoiibuvgmt IM ari he aNbozade ow Joomiuaqxe aldd of 7 : 
Lstem sid sblent notiudiate tb exif teysl s 1° ato Pi in 
soxtroint seliisd edd mort 1 esonsseth daorettth as Deg 


i 


63 


the tirst run was performed to determine the suitable 
range of thin Al thickness, and the impurity concen- 
tration and ie shown in fig. (4.10) he ceometry of 
the high voltape slow discharge was modified to pro- 
GuCceh ar UN iar orm dag Parrivers Overs Tite Wwiole sengbin oF 
the base fy Surtace. | Tyorcal “conductance—Voltage 
Cheracrer is ules. Ol “One seu Of Functions doped with 
about 5 AW of Ni impurities are shown in fig. (4.11). 
ine dastarce ol the Ni wayer from the anverface varies 
between 10 and 60 A°. A sharp dipawiren approaches 
Zero ‘concuctanee has Deen observed tn all heavily 

doped epuneeLove.. (hat Currently as“due vo the tunnelane 
Process Over a-wide range of bias voltage is obvious 
from une O-lh “excitations at 110 meV. and from the Al 
Super COndUeC Une “enerey man eharacterist1es Shown an 
fig. (l.12)/ The energy gap reflects some proximity 
SLrUuCuuUre  beCWeen. tne thir and tack enl tains tecoupled 
by. tne Marnetic Ampuritaes., The dounle sharp peaks are 
DEOvabiy “dues tor enerpy saps vot. Cwo juneculons an parades 
WhitGmeare [Orneds DECGUSeR Une Wwidtuo Of —uhie Na siimpurt ay 
Layerave Smaller than thac-ot the Ai filmew We do not 
observe a fap for films less than 20 A PAL, win aeree— 
ment with the measurements of Tlownsend et al (1972). 
The apsence of ther SuUuperconductivity ineuloratiin Al 
MILs ceuice Uo. VNe Era STPenece cl arene! C Wirt Less 
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Fie. 4.10 


Preliminary run on Al-I-Al junction doped with 


Ni layer introduced at (a) 0 A°; (b) 50 (Nee eS) 


O 
(GOS: 


anamca.) 91 50 A°) 6from the barrier interface. 
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Fig.4.11 


Conductance-voltage characteristics for Al-I-Al 
FUNCT] ONG woOpDed with = ~5 Row pany Lavyiciewac © Saale, 
el HO ocR> and 56.5 (Noe Curpveswame(D. (c) and (ayrespectavely. 
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Thevenerey tapes ol Als 


(0) 3 A° of Ni dopant was introduced at r = 50 A 


(a) undoped junction, 
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Ni isa suitable dopant because of its hign resis— 
tance aeainsly Cx1davlon, and “us low dai uston ~cochitetent 
inieit. ltehas beem eonrirmed’, theoretically by colyom 
and Zawadowski (1968) and experimentally by Rowell and 
Shen (1966) and Dumoulin et al (1970), that the dilute 
maenetic alloy electrodes do nov produce 2 conductance 
anomaly. The effect or diffusion was investigated by 
rPemeasuUring che vconductances@ot the tsame Function three 
months later, and a change of 10 to 15 % was observed. 
imecerore Ctiiuaron could pe neslected during the hawt 
anwicureneccessary tO, COOL the = junction downsvo SO aks 

Curve (cc) off fie. (4.9)) at different temperatures, 
and G(V=0) versus temperature is shown in fig. (4.13). 
ie sOcariviitec  TeMperauure dependence Oredil lereny 
Seve of jumer1cons is shown angie. (14). 

Giaever and Zeller (1968) have produced a sharp 
Conductance dip by Bincludine an an A1A0, Mai x seman! 
metal particles whieh actb as an intermediate state for 
Cunnemine.) Ene conductance Of their junction has linear 
dependence on energy and temperature as shown in fig. 
(4.15a,b), Zeller and Giaever (1969). The magnitude 
Cieuneseonductance dip, laeslicntily dependent om the saze 
of the particles in the range of 38 A° to 110 A°. on 
Chewopner hand the -emerey cap characverilstics of tne 
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Pig. 4.13 


Curve’ (©)vof fie. 4ell-at different stemperatures, 


and G(V=0) versus temperature. 
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Pie 44 


The temperature dependence of the’ conductance 
reduetion NEVE” for Al1-I-Al junctions doped with 
Gitlecent JamMount Vol simpuritiespay dirterent “distances 


from the barrier-metal interface. 
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Hensaty of states, Zeller and Giaever (1971), but not a 
peak which is quite different from the results shown in 
ene, Cee es 

The Giaever-Zeller model is based on the forma- 
CON of Ciny. Capac lors ity the barrier. Shi ss vequures 
the existence of a- barrier between the imbedded particles 
ancdeune Bunev lon electrodes. in our junctions the oxide 
is not likely to be formed between the thin and thick 
Al films during the’ 20 seconds between their successive 
evaporations in a vacuum of 107° torr. Mezei (1969) 
has, Gdonewan experiment. inewhich the whin Alvtiim was 
evaporaved and subjected to a background vacuum of 
2 x107? TOGre Om ly COley minutes. Conprol measurencncs 
snowed that MoO ansulavion developed beyond) the experimentad 
resolution of 107" Q/mm, and no decrease in the optical 
2CCEDL 1 Oneon Ghey Cline Ate Laver occurred Deyond nie depec— 
Lom a itpeOtmwW. jo. INO vOalinguwdn Ox dation or tess. cian 
one atomic layer. As mentioned before, Sec..(3. 1), the icri-— 
pica thickness at which the deposited fiims become e¢lrec— 
trically continuous Gepends on the deposition parameters. 
Pieasslow evaporation rave of a reasonabiy hich melting point 
material on a substrate at 300°K temperature substrate co- 
Vered Wille Drenuc heaton centers , suchas Al,02; would pro- 
GucehULiraviitieelecrlr cally CONDINUOls. Hilins. itech r ica | 


CON beni dy Ol. ahi fa bing eS A° thick has been Peporeedsoy 


Vrba and Woods (1971). Therefore, one expects that the 
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Fig. 4.15 


The conductance o versus voltage V for Al-I-Al 
VUNCELOns Wine on Darvule lesa ih) (bre barrier. 


/<r°> Utne average radius, Of Che tom paruac De" 


The temperature dependence of o(V=0), Zeller and 


Giaever (1969). 
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Al films 20 A° thick are electrically conrinuous.) As 
a result the intermediate state tunneling through par- 
ticles is not present zn our junctions. 
The, conductance versus, voltage characteristics 
oP junctions doped with small amounts of Ni impurities 
at 50 A° from the interface is shown in fig. (4.16). 
Prelimivary resul tse snow thabetne ;conductance dip 
increases linearly with impurity concentration at low 
concentrations and more rapidly at higher concentrations. 
The posioaon dependence ol the conductance Teduc— 
tion |AG/G°| for sets of junctions doped with different 
anounts on Ni impurities iis shown in fie. C4 17): ee 
reters to the conductance of pure gunctions. One vcommon 
heature as) chat the impurity layers ere only -eifecuive 
if they are within 60 A° of the barrier interface. 


Mezei and Zawadowski (1971) found that, 


¥ -V/t -r/CT 
Se 2 = BA Aru Ay, 
G f°) 
(Heese) 
Oo 
C = o Tes CG = sto) =e ll ay 


in une case ot the unitary limit scattering amplitude, 
where T = 2i/tp.. ACen enereinpurlLuyecoOncentration, the 
unitary limit is enhanced by the reduced density of staves 
in the impurity layer. Equation (4.1) is represented by 
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The comdmetance-vomare *Yeharacterisvics #or 
Al-I-Al junctions doped approximately with (a) 2.5 Ac; 
(ole A; (eye U.SRAC A (a) Oe5 AMand (6) 0 & _ of 


Ni impurity layers at r= 50 ee 


23 


+ a a a 7 . 
en : 
7 a 


| a soi waged 
, 
a8 (3) om 


OK 
(4 


2) w) 
ro) oO 


(ss!1un “q4D) JDNVLONIGNOD 


90 


100 


V (mJV.) 


™ $ 


COMDACAWMCE (xp Aue) 


Fig. 4.17 


The conductance reduction at zero bias |sG/Ga° | 
coe TunceLon, OL mee Ni dopant 1s 40prom mane Ly 
1D ne ae QO 3 je e 2 A°. The solid lines represen, 
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|\AG/G°| 


03 


°. «©The results which fit the Predicted relation 
are those of impurity layers 5 A° thick. For higher 
impurity concentration, a self consistent treatment as 
well as inclusion of barrier interface effects may be 
necessary to explain the spatial behaviour of the con- 
ductance -requcuion. 

In conclusion, we have observed 4 darge «conductance 
reduction, which depends oni the position of the impurity 
Raver iii the counter electrode, “Ihe maximum depression 
takes place at zero bias for impurities closer to the 
taveriace, an indication that. a magnetic Ampurity lay— 
er in a2 non-mapnetic host metal is a source of the 
Gianvl resistance peak anomaly. The observed reduction 
eould be associated with a Kondo coherence length of 
about 16 A° for a Ni monolayer in Al. The actual co- 
herence length will be somewhat larger than 16 A° if the 
Al fAims consist of isiands now decoupled by van oxide 
Barrier trom the counter electrode. “The existence or a 
eoherence length of the order of 5-50 Nes may be regarded 
as confirmed by experiments made on different alloy 
systems. Golibersuch and Heeger (1969) concluded from 
the analysis of their NMR data that a conduction-electron 
polarization of the range of; 9M exists around the impurities. 
Edelstein (1969) found conduction electron states inside 
the superconducting senercy gap of 4a Kondo, diluteralloy. 


He assumed that each Impurity is surrounded by a radius 
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re ae ate) es of spin compensated states,where the super- 

conductivity is destroyed. Mezei's(1969) work could 

be explained by a coherence length of 20 —- 50 ‘Ne 
Further work is obviously necessary before 

reliable values for coherence lengths are obtained, but 

the results reported here suggest that it may well be 


DOssiple To do so. 


Hi Ad=t=Fe or Ni Junctions 


Varlovemouricvures™ in che conductance of mormal 
metal tunnel) junetions have been identified as due ve the 
interaction of electrons with magnetic or non-magnetic 
impUrIT Lessin the oxide or with pnonons of the oxide or 
MNetaheeleCElOodes = GOnscel Im@eCner ey COPreEC GOs... cOnlUle 
Dunne ing: probabidliGy sand) voOMbandsstructiure er recuse. 
The conductance derivative dG/dV versus bias voltage 
VOD wan Al=l—=Pb.. junction aeeshown imenie. (4.18). The 
peaks Correspond vVorthne excitations of they transverse 
2nd che Lonei tudinal ohonons Ol, Cne oxide: barrier land 
pie vibrational modes ot some of the molecules contami — 
nating the barrier. Very recently structure of NiO was 
discovered by Adler and Chen (1971) and identified by 
Tsui et al (1971) as magnon excitations superimposed 
on the background conductance of, Nickel single crystal 
VUnneIe IUINCtLOnSs eMaehonsscCOuldualso, be rerlected in wuhe 
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dG/dV versus V for an Al-I-Pb junction at 
Nee, GRE peaks correspond to different excitations 
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varies as (ev)?, Bennett=et 4a) (1969). or as an additional 
conductance peak which has a half width of one tenth of 
the maximum magnon frequency. This peak is a result of 
the interaction between magnetic impurities in the 
DarRiecre waich are coupled vo the bulk margnetizat ton 
OF the electrodes, and the conduction electrons. 

We prepared Al—-I-Fe or Ni junctions to see if it 
Is pOssiple To observe variations in the Gensity of States 
Of the ad—-Dand ol Ni near The Nermi enerey) excitations of 
Spine Waves by cCunneling, electrons or wsell energy eifecus 
Sduey eC thewinteraction with other, excitavions. ») Ine 
eonduccance vand its derivative versus voltage charac— 
terieties (of an sAl—I-Pe junction is shown in@fle. (4.19) 
and (4.20). The tunneling mechanism is the dominant 
DreCcesoe 1g Our LUNG j/unctlonsbeceause oF sine on— 
Servac lon 7O1 une Al superconducting enercy 2ep and whe 
O-H excitation at 118 m.V. However,the conductance 
inercases rapidly with bias volvage.which couda mask 
the weak superimposed structures. The conductance has 
a parabolic dependence on the bias voltage up to 0.6 
VOLS. WLU. deviallonssaroundeine oriein switche could 
be Gue Co chanves im the elecuron densivy of states 
available for tunneling, The excivacvion of magnons 
eouldmlead Lo. an increase In The vconductance Tor bias 
voltages up to 100 m.V., as pointed out by Rowell (1969). 
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(dG/dV) versus V at 4.2°K for an Al-I-Fe 
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form of an additional peak or structure which could be 
associated with the magnon excitation has not been 
Observed INeoul JunCulons., —Rochlin eu al, (1970) sarc 
mou observe magnon structure in their Cr-—70-M junctions, 
tnoush Une CeO forms a well behaved barrier, 

We observed strong structures between 20 and 40 
m.V. which could be associated with the phonon modes 
Of Fe. The structure is probably smeared by Uhe phonon 
Se hichurecrormn MeawitehnOCcevies Vliet Mea scamem nance qs slic 
phonon structure of Al is rarely observed in Al-I-Al 
Wunctlonss We were nov able to produce Sn-Sn0-—Fe 
jumnetvions im order to resolve the Fe phonon strucvuure 
beyond doubt. 

Pics el eanda toes) sshnowe the eonductancemand 
VGseOeCrivativeras a function Ol he Dias yolvage ol 
an nil—T—Nisyjunevson. sin the ow volvace range, vlaere 
exist a 4 % conductance change from -100 m.V. to 100 
ie Ve avGea cilatl Conductance Gip al Zero .blas. 
Similar observations have been reported by Rowell (1969) 
while Chen and Adler observed a 5 % conductance dip 
around thee zero, bias. © Lt us Voor Carly tConassociave 
these changes with magnon-assisted tunneling or band 
Seructvure CLiecus, Since detormavions sol whe oxide or 
TMpUr Gites atl the barrier interface could possibly 
produce such characteristics. The peak at 120 m.V. 


Ltsednerto the 0-H impurity excitation. thouch it has 
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(aG/dV) versus V at-4.2°K for an Al-I-Ni 
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been associated with magnon excitation of NiO, Tsui 

et al (1971). It seems that the magnon structure of 
the magnetic electrode is too weak to be observed in 
the tunneling conductance which increases rapidly with 


bias voltage. 


4.5 Iron Oxide Barriers 


ies ronmwoxiiesbatr rere ia Veupee temmowme ae 
Chernal ive Or 1nea OW discharge: of lomuyecen. — Tunnel 
barriers formed by Sévere thermal oxidation have a. large 
resistance change with temperature and bias voltage. 

Por example. close to the zero bias, a 30 ohms resis— 
tance at TO°K increases co 10" ohms at Nee ie ats cone 
zero bias the value of the resistance is beyond the 
impedance of the present equipment. 

Light thermal oxidation at 100°C in air for 10-15 
MNeMuULes produces barriers “which Mave the tunneling 
resistance behaviour shown in fig. (4.23). The width 
of the resistance peak is about 2 m.V. The energy and 
temperature dependence of the resistance of aytcunnel 
barrier formed in®a glow discharge of oxycen ds shown 
in fig. (4.24). These results are in agreement with 
the measurements of Christopher et al (1968). 

The theoretical models, discussed in Chapter 2, 
show vnav Che origin of tne Zero bias tunneling anomalies 


is due to the interaction between the conduction electrons 


asitie nwory need ave atetaved eBbixo nowt oat 
fennvT .n9Ryxo to sgreroshb wolg a at 10 eiiemreds 
egisl £ svAd nolvebtxo Lemsedd stevee Yd bamt0? avehirsd 
‘#asiiov asid bose stitstaqgines diiw sgnerdo sonsdeteat 


~efeon seimito OF gs ,astd ores sad oF spots .olamsxs, toF 


; ~ 
sid te ¢k°S.! vs emo "ot ov eozsetont x°OY ts sonst 


sit Dnoyed el sonsteles edt to syisv sid eatd otes — 


7 
.tnemgivnps dageenq add 26 sorkabeane | 


@L-O0£ 40% dis at O°OOL gs notitsbixe Lamesa? caged 
anifennut sit sva&d dokdw Scat Gibvabliien aesunia 

dvbiw ad? .(ES.4) .Rt? at mworls swolveded esnase tasty] 
bis yaisne sdT .-Vim S tuods at Hseq sonsdstesr edt to, 
fsanud « to ialeciees sit to sonebrreqoab swwest9qmed 
nwone al megyxo to sgusdoatbh woly s al bemiot tetared © 
dtiw tHemsotgs ni s4#8 adivess seed? .(#S.4) att ot 
.(830L) Bs ¢2 witqotetadd to adtnemonuesem ofa 
a tetqsdd oi bseauoeth . ealsbom isolistesdd od? 
sell among BnetanRys « estd ores: oy. ‘to mtgtao ont mets 
Bnottosis notievbnos ed neewted come ot ahs 


£05 


ihe dynamical resistance kh Vercua Vac ute rerent 
LEMperavuBe Tor van ele OA junction (the funnel 


: t : ? On , 
barrienm was formed im air at 100°C for about B Ol minutes). 
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Hie 42h 


R versus V at different temperatures and R(V=0) 


Versusmia for Fe 0), Garriengitormed in a glow discharge 
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and they mapnetie impurities,  Theretore;, a pair breaking 
effect should be evident when one of the electrodes 
become "superconducting, This should result ina 
decrease of the superconducting transition temperature 
andsawcomearlneewol une ran Characteristics. In eour 
results, We lound that the eneérpey gap of the Pb and 
phecounver Jelectrodes as well as their transition tem— 
peratures) are similar to those obtained from tunneling 
measurements of A1-A1,0.-Pb CS) Sites, Salil ile 
results have been reported by Rowell et al (1968) in 
Cr—-Cr0o-Pbp junctions. However, they had found out thay 
tmessurecneun or Pb phonon, structure Ms decreased, and 
hadweoncludedyunals the energy Pap 1s sarnhecved Dy tic 
anomaly at higher energies. The normalized conductances 
Ole din ferent ASN Peseta and eo eee Juneccions are 
shown in tie. (4°25). “The phonon structure is sliently 
Cineeveduat sarehner bias because thes junctions, have 

small Zero bias-resistance anomaly. Inj’ Uhe case of a sn 
COounvermeleocLECae Ore Uile, GOD NOL suie sale Rye the 
resisuance peak anomaly was much larger, and thes pacnon 
SuuUuUCcCT Ure Vas Very Much eDerUunbed mw Desrap lm chanel i 
the conductance with bias voltage masks out the super- 
imposed phonon structure of Sn. From the above discus- 
S1ons, we conclude that the tunneling anomalies are not 
Neceseor My macnet le Tieori ein es oiueratvherrdue tO the 


SuUrMCuUre. whe Ne6lPhti sore Une  barriereandsthe electronic 


| hu jkusen ‘eibien Se wbate 
‘sruyereqnisd adhe bane ape 
uo AT «aotdetretserede gap oni 
bos dt oft fo Gen yguens add werfd 
nad WoIdtENeTY ated? 25 Clow es wohoaysete “ai : 
gitloanus: mort pemberds saxodd of talimte ots aomiter9g - 
welimte vanolgodpt (me) d= pUct~ia to oe < 
at (840L) £8 “to fiswok yd bSlnogqet nosd svact 
Jedd Juo Hivel had yond ,tevewoh pete. 


aa 


bitg .beseetosb al stu2dowsda Honey 42 Io dtg 
sitoyd bedsstts al dsy varens sit tedd yey toeae 


ZR” 219g. 4! 


= 


asonetoubaos beosllsaron eit .eetyiens tergih Js . 7 
Sts epoltonut, OF. 0.LA—LA brs di= 0 427-97 pil eh : . 
yitdgiiza 2t siuttouide nonedq off .{2@5. ey -gtt nit _ swords . 

even anotiodyl er? scevsoed exld tedgid ts betostts 

mw 6 'lo 6689 S00 nf .¥Denone gonsvatces estd ook Ailsme a 


od il ontee aif to yo? att no sbhoatosls nesaven 
Kona BA bie pteutel dou ssw ylsmons wseq sonpjazean 
ri Syiart> aeeie ei? .bedaurreq doym ytsv esw snudousse 
=tSsque ay duo steam sgnviov anid d¢tw eonstoubmos odd 
“aboot oveds sit mot? .ndo%e omw¥ourde aonodg besoqnt 7 
dem si seilamons gYtfeanud oft thitd sbufonos ow canoe, 
edd oY SUB tatitse tud griietxo ot otverngein ee 
enieeniiae odd Bus sebrtsd sag io Sdyted sft <omsounte 


- 


108 


Big. 4.25 


The normalized conductance on versus voltage 
for Fe-Fe 0),-Pb Funebilons (solid lines )wand tor 


A1-A1,03-Pb junction (circles). 
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behavioureoOr thes barrier oxi1de-metal interrace:. 
Dirlerenteocy pease O1; vet y COM be. Cormed son ite 

surtace. Of the iron electrode, depending on the para— 

meters of oxidation. Experimental measurements 


indicate that the main. oxide; Fe Oy > etsishanchay scaler cetieMEuiy, 


= 
heeh eonductivity 2nd. onhner electronie behaviour. One 

Ol Lue OCuriGal properties, Us tne order n.d1soruer 

CPaAnort Lon thal wakes: place at iene pen and the dominant 
MeCchanisnivom conductivity 2s due tO the exchange oT 
SLeECironss0etUWeen the Terrous and ferric 1o6ons in) ohne 
OCctanhedral slattwce saves. Blbectrical conducuivity megsure— 
ments by Miles et al (1957) indicated that a semiconducting 
behaviour below lao. exists with a very low-temperature 

Se civeo LOM eheryy Of, Une Order Ol, 20UMey a9 Verwey cand 
Haayman found—that excess oxyzen lowers the transition 
Cemperatire and Causes the transition sto be less paherp. 

We observed esis enormous drop win Zero bias resistance 
between 4.2 and (ipa which may be connected with the 
Ordering Lransition in) Mmacnevie irom oxide Fe 30). aie 
He,0, is a relatively good insulator with 2, resistivity 

of the order of eos fem and probably has a substan- 

Dpiiiky sarver, DarrLer héeirht. for tunnel ne Unean hee 

of We, 0) : If the oxidation of the aaron procecas im 
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The magnitude of the zero bias resistance anomaly 
depends on the*counter"electrode+yrlt seems possible 
then that the barrier oxide counter electrode interface 
forms*some™sort- ‘or glassy Semuconductine ‘svuructure, 
With the’ property ‘of a’ low ‘Yocalized density of states 
around "the Fermi energy which rapidly increases away from 
the Fermi level. Therefore the available density of 
Staves or vunne ane electrons’ whitch dwnereases Wwaln 
bias voltage could lead to the observed conductance 


anomaly. 
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CHAPTER 5 


SUMMARY AND CONCLUSIONS 


In this thesis we have reported the results of 
studies on the conductance characteristics of Al-I-Al 
junctions doped with Ni and Fe impurities. The 
observed zero bias anomalies have been attributed to 
the exchange interaction between the conduction elec- 
trons and magnetic impurity spins. 

We found that a small amount of magnetic dopant 
can produce a conductance peak anomaly with a Zeeman 
Splitvinpriniat magnetic! fields MPrheminteractaon between 
the magnetic impurities was» found! to affect the conduc- 
Gancewanomalves ‘eventiatrilowiconcentration-zer Therefore 
tne? Cxurac UkOrmMoletunel wy romagnet! Clinatave fourcts the 
focalized magnetic. moments >on itssmegative shift -—2Jpo 
from whe Results wofithe) conductance anomal yi without 
considering the interaction between the, magnetic impurities 
may be uncertain. 

Upon increasing the amount of magnetic dopant 
a conductance peak superimposed on a resistance peak 
anomaly was observed. The conductance peak is due to 
imMpurtvLes 2a thee barrier, whites ther resistance peak =is 
dues VOlmMpuUrLoLes in) tne metalilicvelectrode. | [his 


conclusion has been confirmed experimentally by 
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introducing the magnetic dopant in the form of an impurity 
layer inside the counter electrode and at different 
distances from the barrier-electrode interface. A 
tunneling conductance reduction (resistance peak anomaly) 
whichris Jlarger “for .impurity *layerscloser (to the inter- 
faceewas dobserved -oeThe mesult 7rof this experiment wa's 
compared with Mezei and Zawadowski's theory. A Kondo 
eoherence ‘length has been “associated with the effective 
range OneUunesmagnetic impurity layers. Much more work 
haemo abe) done? before’ -Lhis'yconcelusion ‘can pe constdered 
amianials: 

Themresulas, onisAl-I-Ni or FeSjunctions do not 
reflect tthe: electron-magnonm or band structure effects 
DReEGCbedmby sulie, drtreneniturheories:. --However sVsvrucvure 
which could be associated with the phonon modes of Fe 
between 20 and 40 m.V. has been observed. 

Theiunneling anomalies of Fe-Fe,0,-M junctions 
havessbeen, avcribuved® to.la. smad letbarnrversheilent and’ the 


structure of the barrier-metal interface. 
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